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ABSTRACT 
Currently, a majority of the world‟s energy needs are met through use of fossil fuels, 
petroleum, coal and natural gas. The depletion of petroleum reserves, rising and extremely 
volatile crude oil prices, and environmental concerns have led to search for renewable and 
environmentally friendly fuels. The ultimate goal of this research was to develop, test and 
optimize a batch microwave system using traditional and alternate non-food feedstocks.  
Microwave assisted extraction (MAE) of oil from conventional feedstocks (soybeans and 
rice bran) and an alternative feedstock (Chinese tallow tree (CTT) seeds) was carried out. The 
study concluded that MAE of oil is a rapid, efficient and effective method of extracting oil from 
the feedstocks as compared to conventional extraction techniques. Maximum yields of 17.3%, 
17.2% and 32.5%, representing ~ 95% of total recoverable oil, were obtained for soybean, rice 
bran and CTT seeds by microwave extraction in 20 mins. This compares extremely favorably to 
the hours of processing required by conventional methods. The enhanced extraction is due to the 
specific interaction of the microwave field with the solvent-feedstock matrix, where higher 
temperature and pressure gradients develop at the microscopic level, leading to enhanced mass 
transfer coefficients. 
Optimization of transesterification reaction parameters was carried out as the second 
objective of the research. Refined soybean and rice bran oil were used as biodiesel feedstocks. 
Two alcohols, methanol and ethanol, were tested in this study. Sodium hydroxide was the 
catalyst and the reactions were carried out in presence of microwaves. By use of microwaves, the 
reaction times were drastically reduced, and >95% conversions could be achieved for very small 
catalyst concentration (< 0.2%) which reflected in easier separation of byproducts from the 
biodiesel phase. The enhanced biodiesel production reaction rates occurred due to two main 
xi 
 
mechanisms: (1) molecular mixing of the polar alcohol molecules with the oil in the presence of 
the oscillating electric field component and (2) volumetric heating effect of microwaves, 
eliminating the time for transient conductive/ convective heat transfer in the mixture. Quality 
analysis of biodiesel according to ASTM standards was performed and the samples were found 
to meet the necessary specifications.  
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CHAPTER 1 
INTRODUCTION 
The rising cost of liquid transportation fuels, depletion of domestic petroleum reserves, 
increased dependence on foreign energy resources and growing concern about effects of fossil 
fuel use on global climate have led to interest in renewable alternative fuels. In addition, global 
energy market instability due to complex geopolitical events contribute to fossil fuel‟s supply, 
availability, and price volatility, rendering the finding of energy sources a strategic priority of the 
US government. The alternative fuel should be technically feasible, economically competitive, 
environmentally acceptable and readily available (Meher et al., 2006). These multiple factors 
stimulate interest in biofuels, derived from renewable feedstocks, as a viable alternative energy 
source. 
While there are multiple renewable resources for energy production, including wind, 
solar, geothermal and waves, the only current viable renewable source of liquid fuels for 
transportation is plant biomass (Huber et al., 2006). The total sustainable biomass production in 
the US, without affecting food and fiber production for domestic consumption and export, is 
estimated at approximately 1.3 billion metric tons per year (Perlack et al., 2005). This amounts 
to 45-55% of current annual oil consumption derived from fossil fuels.  Of all the fuel 
alternatives, those that minimize impacts on the world food and agricultural land supply are best 
suited to become economically and environmentally sustainable. Biodiesel is a renewable fuel 
produced from high-oil content agricultural crops by a process called transesterification. The 
major strategic advantage of biodiesel over conventional fuels is reducing impact on dependence 
on foreign energy resources since it can be easily produced domestically. In addition to being 
domestically produced, other advantages of biodiesel include biodegradability, reduction in 
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exhaust emissions (with the exception of NOx), higher flash point and excellent lubricating 
properties (Knothe et al., 2005). A major hindrance to the commercialization of biodiesel as an 
alternate fuel to petroleum diesel is the cost of production. The single most expensive factor 
contributing to ~70% of the cost of biodiesel is the cost of lipid feedstock. Most biodiesel 
production facilities worldwide rely on use of fresh vegetable oil. Principal oil feedstocks used 
for production include rapeseed and sunflower in Europe, palm oil in tropical countries and 
soybeans in the US and South America. As the US imports around 40% of its vegetable oil, it is 
doubtful that existing and planned capacity can be met with imports. Therefore, the growth of the 
biodiesel industry in the US requires increased feedstock supply. This can be achieved by 
expansion of current agricultural lands or development of new sources of vegetable oils. 
Biodiesel usually costs over $ 0.5/l as compared to $ 0.35/l for the petroleum based diesel 
(Zhang et al., 2003). With rising virgin vegetable oil prices, it is not surprising that biodiesel 
costs more than the conventional petroleum diesel. Use of vegetable oils for fuel production also 
raises another important global issue of food vs. fuel competition. To counteract these two major 
disadvantages either waste vegetable oils can be used instead of the virgin oils (Zhang et al., 
2003), or alternative lipid feedstocks can be identified for biodiesel production that would not 
interfere with the edible aspect of vegetable oils. The alternative feedstock should have low 
inputs and low cost of production and post-harvest processing. In addition, it should be 
productive on marginal and low-value land. 
The work presented in this thesis is essentially a stepwise approach to an ultimate goal of 
biodiesel production using microwaves as an energy source. Oil extraction was performed as the 
first step of the research which was then subsequently converted to biodiesel by 
transesterification.  
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Extraction of oil from oilseeds is conventionally done by pressing in continuous screw 
presses or by extraction using volatile organic solvents (Bernardini, 1976). Solvent extraction 
can be performed in a batch or continuous mode, with the latter further classified as percolating 
type and immersing type (Gunstone et al., 1986). In percolation type, the solid oilseed material 
forms a fixed bed through which the solvent percolates. Disadvantages associated with this 
process are 1. It is time consuming, 2. Extraction efficiency is lower as a result of channeling in 
the oilseed bed, and 3. The difficulty the solvent has to percolate through the fine capillaries of 
the oilseed material due to air entrapment. In immersion type solvent extraction process, the 
pretreated seed or cake is dispersed in the solvent (Gunstone et al., 1986). Solvent extraction of 
oilseeds requires pretreatment operations like size reduction or flaking, grinding, cooking to 
promote the rupture of oil bearing cells through which the oil oozes out during oil extraction 
(Bernardini, 1976).  
 For oilseeds with very high oil content such as rapeseed, peanut and sunflower, oil is 
extracted in two stages: pre-pressing the oil seeds (mechanical pressing) to reduce the oil content 
of material to 10-15% and a final solvent extraction step to remove the remainder amounts of oil 
from the oilseeds (Gunstone et al., 1986, Bernardini, 1976). Solvent recovery from miscella (oil-
solvent mixture) is performed as the final step of oil extraction leaving behind crude oil which is 
then subjected to refining operations (Gunstone et al., 1986). The greatest disadvantage of 
solvent extraction process is longer processing times required for its completion. Other 
conventional processes used to recover oil from seeds are hydraulic pressing, expeller pressing, 
aqueous extraction etc. (Goss, 1946). Novel oil extraction techniques are developed as an option 
to the conventional methods to overcome some of the major disadvantages caused by their use. 
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Oil extraction, which was the first objective of this research, was performed in presence 
of microwaves.  Recently, microwaves have been used in assisting the extraction of essential 
components due to their environmentally and economically friendly traits (Pan et al., 2002; 
Mahesar et al., 2008). In microwave assisted extraction (MAE), rapid generation of heat and 
pressure within the biological system forces out compounds from the biological matrix, 
producing good quality extracts with better target compound recovery (Hemwimon et al., 2007). 
Heat transfer in case of conventional heating occurs via conduction, convection and radiation 
from surfaces of the raw material. This is a relatively inefficient mode of transferring heat to the 
system since it depends on convection currents and thermal conductivities of the materials used 
(Kappe et al., 2009). Microwave radiation in turn can cause efficient internal (volumetric) 
heating of the target material by interacting with the matrix at molecular levels. This interaction, 
thus, leads to volumetric temperature rise of the entire mixture as opposed to conventional 
heating where only the mixture near the walls of the vessel gets heated first (Kappe et al., 2009). 
The rapid heating leads to localized high temperature and pressure gradients which assist in 
cellular wall degradation and enhanced mass transfer rates.  
 Microwave technology has also been used for extraction of essential oils. Essential oils 
are a class of volatile aromatic oils obtained by extraction from plant material. These oils are rich 
in volatile fractions that contain monoterpenes, sesquiterpenes and oxygenated derivatives. These 
compounds are degraded by action of heat, light and oxygen due to their higher degree of 
unsaturation. By employing microwave extraction for extracting these sensitive oils, the 
thermolytic and hydrolytic effects of some of the conventional methods (steam distillation, 
hydrodistillation) are diminished. Several researchers have shown that microwave assisted 
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extraction of these oils offer possibility for better reproduction of the natural aroma of the 
essential oil as compared to other methods (Ferhat et al., 2007). 
In the first step of this project, oil was extracted from two feedstocks, soybean and rice 
bran, using a novel microwave assisted extraction technique. This method is advantageous 
because of rapidity in extraction with a corresponding reduction in costs and energy associated 
with it. The microwave extracted oil was analyzed for its fatty acid composition, free fatty acids, 
iodine value etc. to determine any subtle differences between the microwave extracted oil as 
opposed to conventional oil extraction techniques. Lipids from an alternate feedstock, Chinese 
tallow tree (CTT) seeds were also extracted using the same microwave technique. CTT has the 
potential to become an ideal energy crop for the US as it is tolerant of most soil conditions and 
high levels of salt (Conner and Askew, 1993; Scheld and Cowles, 1981). The high lipid content 
of CTT seeds and its nonedible characteristics make it a very attractive feedstock for biodiesel 
production. Chapters 2 and 3 of this thesis focus on microwave assisted extraction of oil from 
three feedstocks: soybean, rice bran and CTT seeds.  
Chapter 4 describes the use of the same microwave technology for transesterification into 
biodiesel. Microwave technology provides extremely rapid heating rates and should decrease 
processing time significantly as compared to traditional heating methods that can require on the 
order of hours of processing times. The major inefficiencies associated with the existing 
transesterification methods include reduced catalyst selectivity, longer reaction times, and 
separation time between products (Refaat et al., 2008; Hernando et al., 2006). The greatest 
advantage of our system in addition to reduction in extraction time is a considerable reduction in 
catalyst consumption without any compromise on conversion yields. The effect of microwaves 
on chemical synthesis can be associated with enhanced mixing at the molecular levels and rapid 
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volumetric heating of the reaction mixture. Thus the major advantages of microwave assisted 
synthesis is that reactions can be performed quickly, efficiently and safely (Leadbeater and 
Stencel, 2006). 
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CHAPTER 2 
MICROWAVE-ASSISTED EXTRACTION (MAE) OF SOYBEAN AND 
RICE BRAN OIL 
 
2.1.Introduction 
Sugarcane, rice and soybeans are some of the major crops driving the agricultural 
economy of the state of Louisiana, being ranked first, second and eighteenth in production in the 
USA in 2002, respectively (NASS, 2007). Rice (particularly bran) and soybeans are rich sources 
of lipids containing 10-23% and about 20% of oil by weight respectively (Most et al., 2005, 
Duvernay, et al., 2005, Vollmann et al., 2000). Additionally, these feedstocks are rich nutritive 
sources, having numerous health benefits owing to their bioactive nutritional components, 
including omega-3 fatty acids and isoflavones in soybean oil, and vitamin E and dietary fiber 
components in rice bran oil. These valuable bioactive components can be extracted with the oil, 
enhancing the return on investment for growers/processors. 
In oilseeds like soybeans and rapeseed, energy for the sprouting embryo is stored in the 
form of lipids, unlike in the case of other seeds where the embryo derives it energy from starch 
(Lusas, 2000). Spherosomes, type of vesicles present throughout the germ cell layer of seeds, 
store lipids in them during seed development (Lusas, 2000). As it can be seen in Figure 1, the 
bulk of the soybean seed is made up of cotyledons, which are mainly composed of lipids, 
proteins and carbohydrates (cell wall polysaccharides and sugars) (Pietrzak and Miller, 2005). 
Prior research on microchemical structure of soybean seeds showed that lipids, carbohydrates 
and proteins occurring in the cotyledons are not uniformly distributed within the cotyledon but 
are present in the form of clusters (Pietrzak and Miller, 2005). 
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  Figure 2.1. Cross section of soybean seed (Pietrzak and Miller, 2005) 
The lipids present in biological materials are held within tissues by various interactive 
forces like van der Waals, electrostatic, hydrogen and covalent bonding (Shahidi and 
Wanasundara, 2002). Adequate energy input by chemical or physical means needs to be supplied 
to overcome these forces and separate/extract the lipids from this tightly held biological matrix.  
Whereas many oil extraction methods have been employed (solvent extraction, Soxhlet 
extraction, super-critical fluid extraction, ultra-sound assisted extraction, mechanical pressing, 
aqueous extraction, and so forth) (Martinez et al., 2008; Sheibani and Ghaziaskar, 2008; Lee and 
Lin, 2007; Luthria et al., 2007; Sanagi et al., 2005; Rostagno et al., 2004; Kwaku and Ohta, 
1997), some of them are time consuming (Soxhlet extraction, ultra-sonic extraction), have low 
recovery (mechanical pressing), require large amounts of solvent (conventional solvent 
extraction), are expensive (super-critical extraction) or energy intensive (pressurized liquid 
extraction) (Martinez et al., 2008; Grigonis et al., 2005; Huie, 2002). Hydraulic pressing, 
expeller pressing and solvent extraction are by far the most commonly employed technique for 
oil extraction (Goss, 1946). Expellers are generally used for oilseeds having very high oil content 
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(above 20%). Expelling is used as the first step to reduce the oil content of these seeds which are 
then extracted by solvent extraction as the final and finishing process of oil extraction (Goss, 
1946). For oilseed feedstocks with relatively low oil content (18-20%), direct solvent extraction 
is utilized for oil recovery (Gunstone, 1986; Bernardini, 1976). 
Solvent extraction has an advantage of attaining much lower residual content of oil in the 
meal as compared to pressing. Therefore, solvent extraction is the most efficient method for 
processing of oil from oilseeds from the standpoint of oil recovery (Goss, 1946) and has been 
widely employed for extraction of oil from oilseeds. Grinding, cooking, pressing or flaking are 
the preliminary operations performed prior to solvent extraction to rupture the oil bearing cells, 
making them readily available during solvent extraction. During solvent extraction, two 
processes are responsible for removing oil from the oilseeds. In the first step, which is relatively 
faster, oil extraction occurs mainly by diffusion. During the contact between oilseed and solvent, 
the solvent diffuses through the seed mass and extracts the readily available oil from the ruptured 
cells (action of preliminary operations). Whereas, in the case of the second process, removal of 
the residual amount of oil occurs by osmosis or leaching while requires much longer time 
(Bernardini, 1976; Goss, 1946). Apart from the obvious advantages, solvent extraction suffers 
from several disadvantages such as longer processing times, high amounts of solvents required, 
and hazardous operating conditions as compared to other methods like pressing or expelling due 
to the flammable nature of the organic solvents used (Goss, 1946). 
Recently, microwaves have been used in assisting the extraction of essential components 
due to their environmentally friendly and economical traits (Mahesar et al., 2008; Pan et al., 
2002). In microwave assisted extraction (MAE), rapid generation of heat and pressure within the 
biological system forces out compounds from the biological matrix, producing good quality 
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extracts with better target compound recovery (Hemwimon et al., 2007). Additionally, enhanced 
bioactivity of certain compounds can be obtained (i.e. antioxidant activity of anthraquinones 
obtained from Morinda citrifolia) using MAE when compared to ultra-sound assisted and 
maceration extraction processes (Hemwimon et al., 2007). The efficiency of the MAE process 
depends on time, temperature, solid-liquid ratio, type and composition of solvent used 
(Hemwimon et al., 2007; Grigonis et al., 2005; Kwon et al., 2003; Pan et al., 2002; Pare and 
Belanger, 1994). 
Selection of appropriate solvent influences the extraction yield during MAE process, as 
the solvent acts as a conduit for energy coupling, mass transfer and exerting pressure on the 
biological matrix (Rostango et al., 2007). The polarity of the solvent and the target compound to 
be extracted from the plant material is critical for maximum yield. For instance, using polar 
solvents to extract polar compounds will result in maximum recovery of compounds from the 
substrate. While using relatively non-polar solvents like hexane and toluene during MAE, 
sometimes the addition of a certain percentage of water (about 10%) could help in improving 
extraction yields (Wang and Weller, 2006).  
The extent to which a given matrix can absorb microwaves (and subsequently convert 
them into heat) is directly proportional to the magnitude of dielectric constant (DEC) and 
dielectric loss of the material (Elkhori et al., 2007; Pare and Belanger, 1994). During MAE, the 
extracting solvent should be transparent to microwaves relative to the matrix (Elkhori et al., 
2007). Solvents like hexane (DEC 1.9), isopropanol (DEC 18.3), acetone (DEC 20.7), dioxane 
(DEC 22.1), ethanol (DEC 24.3) and methanol (DEC 32.6) are relatively less polar than water 
(DEC 80.4) (Elkhori et al., 2007; Kiss et al., 2000). The selective microwave absorption ability 
of a matrix (soybean or rice bran) is thus based on the material‟s moisture content. 
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Hexane is the most commonly used solvent for oil extraction, but the toxicological, 
environmental, and safety issues related to its usage have led to a need for alternative solvents 
(Johnson and Lusas, 1983). Acetone, isopropanol, ethanol, methanol, and acetonitrile have been 
used as solvents during MAE (Hemwimon et al., 2007; Duvernay et al., 2005; Kwon et al., 
2003) for extracting various plant components. The attractive features of using ethanol for oil 
extraction from soybeans and rice bran include low cost, easy synthesis from a large variety of 
biological feedstocks, and its less toxic nature, making the defatted protein-rich meal more 
suitable to be used as an animal feed (Hron et al., 1982).  
The present study was conducted to optimize oil extraction conditions using a batch type 
microwave system for maximum oil recovery from soy flour and rice bran. The designed system 
was optimized for maximum oil recovery in relatively shorter extraction times. The results were 
compared with identical process conditions during conventional thermal extraction using a 
constant temperature oil bath and a soxhlet extraction technique as a gold standard.  
2.2. Materials and Methods 
Sample Preparation 
The rice bran used in this study was obtained from the Cocodrie rice variety and was 
provided by Louisiana State University (LSU) Agricultural Center‟s Rice Research Station 
(Crowley, LA). Rice was milled using a Satake pilot scale rice mill (Satake Engineering Co., 
Tokyo, Japan) located within Biological & Agricultural Engineering Department at LSU 
Agricultural Center and then stored in a freezer at -10
o
C until further use. Freshly harvested 
soybeans were collected from LSU Agricultural Center‟s Central Research Station in Baton 
Rouge, LA, and were milled using a kitchen mill (K-TEC, West Orem, UT) and then stored at -
10°C.  
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           Microwave Assisted Extraction 
The extractions were carried out in a fully instrumented and controlled Ethos E batch 
microwave system (Milestone Inc., Monroe, CT), having a maximum power output of 1.6 kW. 
The microwave system consisted of Teflon
®
 sample holders of 250 mL capacity with magnetic 
stirrers to ensure constant mixing of the solvent-feedstock mixture. For monitoring of process 
temperature and feedback control of the power level, a built-in optical fiber temperature sensor 
was used. Twenty grams of feedstock (soy flour or rice bran), was placed in the Teflon
®
 sample 
holders, with 60 g of absolute, anhydrous ethanol (ACS/USP Grade). This mixture was subjected 
to microwave treatment at different temperatures ranging from 60°C-120°C at increments of 
20°C for different extraction times (3, 9, 15 and 20 min). The heating ramp-up time was 5 min 
with a cooling time of 15 min.  
  Control Extraction 
The extractions were carried out in a round bottom flask equipped with a water condenser 
on a plate heater with a magnetic base. The flask was placed in a constant temperature oil bath to 
control the extractions at different times. The contents in the flask were stirred using a magnetic 
stirrer. The extractions were carried out in the same time temperature combinations as the 
microwave assisted process. After the extraction was complete, the solvent (ethanol) was 
evaporated from the oil-solvent mixture and oil yield was determined. Soxhlet extractions with 
both ethanol and hexane were also run for 12 hours on the feedstocks to establish maximum oil 
content.  
Solvent Separation and Oil Extraction 
For both the extractions, after the extraction period, the sample was cooled and the oil-
solvent mixture was vacuum-filtered through 1.2 m Whatman filter paper (Whatman, Cat. 
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No.GF/C 1822047, UK) to separate the cake from the miscella. The volume of filtered oil-
ethanol mixture was recorded (V1). About 30 mL of this oil-solvent mixture was taken in a pre-
weighed (W1) 50 mL centrifuge tube. The filtered oil-solvent mixture was centrifuged under 
vacuum (LABCONCO Corporation, Kansas City, MO) at 65°C for about 16 hours to evaporate 
the solvent and to recover the oil. Experiments were repeated for varying conditions of extraction 
temperature and time. The percentage oil yield in “x” g of initial feedstock based on 30 ml of 
supernatant is then computed as follows (used throughout this thesis): 
                                                                                                    [2.1] 
   where, 
W1 – Initial mass of feedstock, g 
W2 – Weight of oil obtained from V2 ml of miscella, g 
V1 – Total volume of filtered miscella 
V2 – Fraction (30ml) of miscella subjected to centrifugation 
The extractions were performed in triplicate and their mean values and standard 
deviations were calculated. There is some amount of ethanol-oil occluded in the cake as given by 
equation (2.2): 
 Oil + ethanol in cake = W3- (x-y)                                                                   [2.2] 
where:   
W3–Weight of cake    
 x – Initial mass of feedstock                                                                                                                                               
 y – Amount of oil extracted (W2 - W1)                                                                                                       
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Yield of this oil (occluded in the cake) can be calculated based on the % oil yield 
obtained from the solvent-oil mixture and the amount of ethanol that remains in the cake, using 
equations 1 and 2. This value will give the actual oil yield that is expected if there was no loss of 
ethanol-oil in the cake. 
Scanning Electron Microscopy (SEM) of the Exhausted Meals 
Soybean and rice bran extracted at 120°C for 15 min by conventional and MAE were 
used for SEM analysis (Cambridge Stereoscan 260 SEM, Cambridge, England). Prior to SEM 
analysis, the samples were thoroughly washed with ethanol and water, and prepared for SEM 
using the procedure described by Choi et al., 2006. The scanning electron microscopic images 
were then acquired at 500 X magnification. 
Statistical Analysis 
Statistical analysis of data was performed using SAS
®
 (version 9.1, SAS Institute, Cary, 
NC) to determine if there were any significant differences between the oil yields obtained by 
microwave and conventional extraction. Two-way ANOVA using Proc Mixed  multiple 
comparison tests were performed by using Tukey-Kramer‟s adjustment to determine significant 
differences between the two treatments at p <0.05. Analysis was performed only across different 
times at the same temperatures and not among different temperatures. 
Analysis of Extraction Kinetics and Yield Predictions Based on Time and 
Temperature Multivariate Analysis 
Regression analysis to determine time and temperature dependent behavior of system 
(effect on oil yields) was performed using Sigmaplot
®
10 (Systat Software Inc., San Jose, CA). 
For the time dependence behavior of oil yields, yields at times, t=0min were extrapolated from 
the oil yields (at t=0min) obtained by Terigar (2009), in a modified set up that allowed 
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continuous extraction of oil from soybeans and rice bran. The oil yields obtained at time, t=0min 
can be related to the oil extracted in this study from the feedstocks during the ramp-up time of 5 
min provided to the microwave unit to reach a particular extraction temperature. The results were 
plotted and fitted to specific curves to determine the nature of dependence. 
Oil Analysis  
The microwave extracted oil was analyzed for its acid value, iodine value and fatty acid 
composition using IUPAC 1987b, ASTM D5768-02 (2006) and IUPAC 2.301 standard methods 
respectively. Rice bran oil was also analyzed for its wax content, while phospholipids content of 
soybean oil was measured. 
        Free Fatty Acid and Iodine Value Determination 
For acid value, 1 gram of oil was weighed in a 250 mL conical flask, thoroughly mixed 
with 50 mL of isopropanol, and titrated against 0.1 N potassium hydroxide solution using 
phenolphthalein as an indicator. For iodine value, 0.2-0.25 gm of oil was weighed into a 250 mL 
Erlenmeyer flask and mixed with carbon tetrachloride (20 ml) and Wijs reagent (25ml). The 
mixture was swirled thoroughly, stoppered and kept in the dark for 30 min. The sample was 
further mixed with 10 ml of 30% potassium iodide solution and 100 ml of purified water and 
titrated against 0.1 N sodium thiosulfate solution until the yellow color disappeared. Then, 2-3 
drops of starch indicator were added and titrated to the disappearance of blue starch-iodine color. 
A blank determination was also run simultaneously. The acid and iodine value were determined 
according to IUPAC standard methods for analysis of oils and fats (IUPAC, 1978b) and ASTM 
D5768-02 (2006). 
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 Determination of Fatty acid Composition of Oil 
Fatty acid analysis of microwave extracted soybean and rice bran oil was carried out 
using a Varian 240-MS Ion Trap Mass Spectrometer (Varian Inc., USA). The analyses were 
carried out by transesterification of the extracted oil to fatty acid methyl esters, using potassium 
hydroxide as catalyst and analyzing those using GC-MS, as given by the standard IUPAC 
method, Standard Methods for analysis of Oils, Fats and Derivatives (Blackwell Scientific 
Publications, IUPAC Method 2.301).  
  Determination of Hydratable Phospholipid Content in Soybean Oil and Wax 
Content in Rice Bran Oil 
 Phospholipids from soybean oil were removed by hydration with water. Purified water, 3-
4% by weight of oil, was added to preheated soybean oil at 70°C and mixed thoroughly for 20 
min. The phospholipids were then removed from the mixture by centrifugation for 15 min and 
weighed. 
For rice bran, a winterization- dewaxing method was used to remove waxes that cause 
cloudiness in oil at lower temperatures. Winterization is an easier and less-sophisticated way of 
dry fractionation (Hamm and Hamilton, 2000). The rice bran oil sample was gradually cooled to 
4°C over a period of 6-8 hrs. After this time period, the oil was heated to 60
o
C and wax was 
removed by gravity settling followed by decanting. The wax was weighed to calculate the % wax 
content in the extracted rice bran oil. 
2.3. Results and Discussion 
     Effect of Microwave Assisted Extraction vs. Conventional Extraction on Oil Yield 
Table 2.1 shows comparison of oil yields obtained from soybeans and rice bran at 
different temperatures and extraction times using the two extraction methods. For soybeans, a 
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maximum yield of 17.30±0.17% was obtained at a combination of the highest extraction 
temperature and longest extraction time (120°C and 20 min) during MAE (Table 2.1), compared 
to 11.3±0.2% using the control method. Soxhlet extracted soybean oil gave only slightly higher 
yields of 18.9% for ethanol and 18.1% for hexane. This indicates that about 95% of the oil 
present in the soybeans was recovered by MAE in 20 min as compared to 12 hours of processing 
needed for Soxhlet extraction (Table 2.1). The soybean oil yields obtained by microwave 
assisted extraction were always significantly higher than those obtained by conventional 
extraction at all combination of temperatures and extraction times.  
    Table 2.1. Oil yields using MAE and control extraction (CE) (mean ± std dev) 
Extraction 
Temperature 
(°C) 
Extraction 
Time (min) 
Soybean Oil Yield 
(% dry mass) 
Rice Bran Oil Yield 
(% dry mass) 
Microwave Conventional Microwave Conventional 
60 
3 8.6±0.15 7.0±0.06 8.7±0.17 6.9±0.15 
9 9.6±0.06 7.6±0.41 9.9±0.11 7.7±0.19 
15 11.0±0.34 7.7±0.33 11.9±0.20 8.5±0.24 
20 11.1±0.13 8.6±0.20 12.3±0.18 9.4±0.11 
80 
3 9.4±0.16 7.6±0.03 12.7±0.04 8.9±0.27 
9 11.8±0.19 8.5±0.41 13.2±0.09 9.2±0.19 
15 12.3±0.20 9.0±0.43 13.3±0.27 9.9±0.11 
20 13.0±0.32 9.4±0.14 13.2±0.04 10.4±0.11 
100 
3 11.1±0.23 8.0±0.18 14.2±0.16 11.4±0.28 
9 11.6±0.33 8.5±0.44 14.6±0.09 11.6±0.33 
15 11.9±0.42 9.5±0.45 16.1±0.07 11.1±0.15 
20 12.4±0.36 10.9±0.13 16.3±0.21 12.2±0.06 
120 
3 10.7±0.31 7.8±0.39 15.1±0.06 10.4±0.08 
9 11.7±0.26 8.8±0.66 15.8±0.09 10.5±0.44 
15 15.8±0.67 10.2±1.12 16.5±0.19 12.1±0.38 
20 17.3±0.17 11.3±0.22 17.2±0.40 12.4±0.12 
Soxhlet 
extraction 
Ethanol 
(600 min) 
18.9±0.05 19.9±0.17 
Hexane 
(600 min) 
18.1±0.05 16.3±0.32 
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 Similar differences in the percent oil extraction yield results were observed when 
comparing the yields obtained using the two extraction methods for rice bran oil.  The maximum 
yield of 17.2±0.4% was obtained from rice bran at 120°C and 20 min during MAE and was 
significantly higher than 12.4±0.12%, which was obtained by conventional method under the 
same extracting conditions (p-value<0.0001). 
 A simple material balance was performed on the oil yields based on 900 kg of solvent 
(300 kg of soybeans or rice bran) to evaluate the extraction efficiencies in terms of solvent usage. 
The oil yields in „kg‟ for microwave as well as control, was calculated using equation 2. 
msol + mfeed = msol + moil +mmeal                                             [2.3] 
where, 
msol – mass of solvent (900kg) 
mfeed – mass of feed (soybeans or rice bran, 300 kg) 
msol – mass of solvent  
moil – mass of oil extracted 
mmeal – mass of exhausted meal 
Table 2.2 presents the values for soybeans and rice bran oil yields in kg for microwave as 
well as control extraction. As it can be observed from the table, in case of soybeans, for the 
conventional extraction, the amount of oil extracted at highest time temperature combination (20 
min- 120°C), 33.9 kg, is approximately equal to the amount of oil extracted by the microwaves 
in much lower time-temperature combination (9 min-80°C). Similar trend was observed in case 
of rice bran oil, where 51.6 kg of oil was extracted at 120°C- 20 min as compared to 37.2 kg 
extracted using control extraction. The values in Table 2.2 give an idea, in terms of solid 
numbers, about the increased extraction efficiency of microwave system over the control.  
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Table 2.2. Oil yields from soybeans and rice bran (mass basis) 
Extraction 
Temperature 
(°C) 
Extraction 
Time (min) 
Soybean Oil Yield 
(kg) 
Rice Bran Oil Yield 
(kg) 
Microwave Conventional Microwave Conventional 
60 3 25.8 21.0 26.1 20.7 
9 28.8 22.8 29.7 23.1 
15 33.0 23.1 35.7 25.5 
20 33.3 25.8 36.9 28.2 
80 3 28.2 22.8 38.1 26.7 
9 35.4 25.5 39.6 27.6 
15 36.9 27.0 39.9 29.7 
20 39.0 28.2 39.6 31.2 
100 3 33.3 24.0 42.6 34.2 
9 34.8 25.5 43.8 34.8 
15 35.7 28.5 48.3 33.3 
20 37.2 32.7 48.9 36.6 
120 3 32.1 23.4 45.3 31.2 
9 35.1 26.4 47.4 31.5 
15 47.4 30.6 49.5 36.3 
20 51.9 33.9 51.6 37.2 
 
Soxhlet extraction using ethanol as a solvent gave a yield of 19.9% while hexane 
extraction gave a yield of 16.3% indicating that MAE could extract nearly all of the oil present in 
the rice bran (Table 2.1). MAE produced significantly higher (p<0.05) percent yields of rice bran 
oil than the conventional extraction method at all extraction times and temperatures tested.  
 Li et al. (2004) obtained similar results in a study on oil extracted from soy bean flour 
using microwave pre-treatment and different solvents. That study concluded that a maximum oil 
yield of about 8% (dry basis) can be obtained at the highest microwave pretreatment time of 2 
min and extraction time of 3 h when a solvent mixture of hexane-isopropanol (3:2 volume basis) 
was used. At a 2 min microwave pretreatment, the average temperature of the soybean-solvent 
mixture was about 120.2±7.6°C, which was similar to the maximum temperature tested in our 
experiments.  
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SEM images of soybeans and rice bran treated using microwave and conventional heating 
indicate the physical differences among the two extraction methods (Figure 2.2). The 
microstructure of microwave treated soybeans indicates greater disruption in the soybean 
structure than the conventional one, resulting in higher porosity and the observed higher yields 
with the MAE.  
 
 
Figure 2.2. SEM images of soybeans subjected to control (top) and microwave extraction 
(bottom) at 120°C for 15 min. 
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During microwave extraction, the presence of water in the samples influences the amount 
of heating produced. When the samples are heated with microwaves, the water molecules are 
initially targeted and they heat up rapidly and begin to evaporate. This dehydration alters the cell 
wall structure and changes the permeability, resulting in intra-cellular contents spilling out and 
increasing the rate of mass transfer (Chemat et al., 2005).  
 
 
 
Figure 2.3. SEM image of rice bran subjected to control (top) and microwave (bottom) extraction 
at 120°C for 15 min. 
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The cell wall structure of rice bran treated with microwaves also indicates greater 
structural breakdown (Figure 2.3). Due to the disruption of oil bearing structures present in the 
cell, there is an increase in the rate of extraction of oil from the soybean and rice bran material 
when treated by microwaves compared to conventional heat treatment. Similar observations were 
reported in a study on the microwave extraction kinetics of terpenes from caraway seeds 
(Chemat et al., 2005). In another study on MAE of soybean oil, the optimum extraction time was 
found to be 1/8
th
 of the optimum time required for Soxhlet extraction. The soybean oil yields 
were nearly double than those extracted by Soxhlet extraction at these optimum extraction 
conditions (Cravotto et al., 2008). 
The changes in the cell structure due to the different heat treatments as evidenced in 
Figures 2.2 and 2.3 could alter the extracted oil quality as observed by several researchers for 
olive oil, sesame oil and soybean oil (Matthaus and Bruhl, 2001; Abou-Gharbia et al., 2000; 
Cossignani et al., 1998). Some of the changes could be advantageous as in the case of lowering 
the pour point of the soybean oil from -9°C by conventional heat treatment to about -18°C by 
microwave treatment at 150°C for 10 min (Biswas et al., 2007). However, Zigoneanu et al. 
(2008) did not observe any difference in the vitamin E content or antioxidant activity of rice bran 
oil obtained by MAE when compared with conventional solvent extraction. 
    Effect of Extraction Temperature on Oil Yield  
The variation of oil yields with increasing temperatures for soybeans and rice bran are 
shown in Figures 2.4 and 2.5 respectively. As expected, as temperature increased, oil yields 
increased for both extraction methods due to an increase in diffusion coefficients. In the case of 
soybeans, at lower extraction times (3min), the temperature effect was mostly irrelevant. Oil 
yields decreased from 100°C to 120°C at an extraction time of 3min (11.1% and 10.7% 
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respectively). The reason for this anomaly is not known and needs to be investigated. As 
temperature increased, oil yield increased for both conventional and microwave extraction 
methods, except that the oil yields obtained by microwave extraction were always higher than 
those obtained by conventional solvent extraction.  
 
 
Figure 2.4. Soybean oil yields as a function of extraction time and temperature. 
 
The influence of microwave extraction temperature on the extraction yield of rice bran oil 
has been validated by other researchers (Duvernay et al., 2005; Zigoneanu et al., 2008). 
Duvernay et al., (2005) concluded that at higher extraction temperatures, MAE provided 
increased rice bran oil yields when isopropanol was used, and better oil yields than conventional 
Soxhlet extraction for the same extraction times.  
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Figure 2.5.Rice bran oil yields as a function of extraction time and temperature. 
 
 Effect of Extraction Time on Yield                                                                                                 
At the same temperature, for different extraction times, oil yields increased with an 
increase in extraction times. This was due to the fact that longer exposure time of solvent-
feedstock mixture to microwaves increased the quantity of oil extracted. For soybeans, the time 
effect was small, except at 120°C, where the oil yield increases dramatically as the extraction 
time increases for MAE. In the case of rice bran during MAE, a gradual increase in oil yield was 
observed with increasing extraction times. For conventional extraction, there was no significant 
increase in the oil yields with increasing extraction time. At any extraction temperature, 
maximum oil yield was obtained at 20 min extraction time.  
Li et al., (2004) observed that the extraction time had an effect on soybean oil yield 
during MAE. They found that the amount of soybean oil extracted increased by 1.73 g when 
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increasing the extraction time from 0.5 h to 3 h using a mixed solvent of hexane and isopropanol 
(3:2 volume basis). Similar influence of extraction time on the total yield of extracted compound 
was observed by Rostagno et al., (2007), who studied the effect of MAE on soy isoflavones at 
temperatures between 50-150°C and extraction times up to 30 min. They concluded that 
increasing the extraction time to 20 min increased the total recovery of isoflavones, and beyond 
20 min extraction time, there appeared to be no difference in the amount of isoflavones 
recovered. Duvernay et al., (2005) concluded that there was no significant influence of extraction 
time (at times less than 15 min) on the oil yield obtained during MAE. In the present study, the 
rate of recovery of oil from soybeans and rice bran was highest at 3 min and slowly decreased as 
the time of extraction increased. However, the total amount of oil recovered increased when the 
time of extraction increased to 20 minutes approaching total amounts recoverable via Soxhlet 
extraction in 10 hours. 
Analysis of Extraction Kinetics and Yield Predictions Based on Time and 
Temperature Multivariate Analysis 
Linear regression analysis indicated (R
2
> 0.92, with few exceptions), that oil yields 
increase linearly with extraction temperature for both soybeans and rice bran, regardless of the 
method used (Figures 2.6 and 2.7). 
 For soybeans, the rate of increase with temperature (the slopes) increased as the 
extraction times increased. For MAE, the slopes increased from 0.03-0.04 at shorter times to 
0.07-0.08 at the longer extraction times. For CE, the slopes increased from 0.01 to 0.05. In the 
case of rice bran oil, the major difference in slopes (the rate of change in yield), was between the 
MAE (0.08-0.09) vs. the CE (0.03-0.05) as a group rather than among individual times within a 
group. 
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Figure 2.6 Soybean oil yields as a function of temperature, f (T)= y0+b*T 
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Figure 2.7: Rice bran oil yields as a function of temperature, f (T)= y0+b*T 
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The linear relationship between the oil yields and temperature, allows us to accurately 
predict the system‟s behavior under any set of operating parameters within the range. Similarly, 
the effect of extraction times on the oil yield was also determined (Figures 2.8 and 2.9). It was 
observed that the dynamic response of the extraction process (yields increase with time) follows 
extremely closely a first order response to a step input (exponential rise from an initial to a 
maximum value). The rates of yield increase are given by the coefficients of the exponent, with a 
higher number indicating a higher rate of oil recovery.  The oil yields at time t=0 were 
extrapolated from the continuous oil extraction configuration used by Terigar (2009) for 
extraction of oil from soybeans, rice bran and Chinese tallow tree seeds. The oil yields at time 
t=0 obtained in that system can be substituted for the oil yields obtained during the ramp-up time 
of 5min (required by the microwave to reach a particular extraction temperature).  
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Figure 2.8 Soybean oil yields as a function of extraction time, f(t)=y0+a(1-e
-bt
) 
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Figure 2.9 Rice bran oil as a function of extraction time, f(t)= y0+ a(1- e
-bt
) 
 
Whereas the relationships presented in figures 2.6- 2.9 can be used either at individual 
temperatures or at individual times with good confidence, they do not necessarily account for the 
combination of both parameters. As such, a multiple linear regression was performed according 
to Eqn. 3: 
f (t,T) = y0 + a*t + b*t
2
 + c*T + d*T
2
       (2.4) 
where:  y0 – initial yield (% of dry mass) 
 t – time (min) 
 T – temperature (°C)  
 a,b,c,d – regression coefficients 
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Table 2.3. Coefficients for the multiple linear regression 
 y0 a b c d R
2
 
MW 
Soybean 
-3.535 0.848 0.197 -0.027 -0.00068 0.833 
CE 
Soybean 
1.275 0.157 0.102 -0.0003 -0.00041 0.932 
MW 
 Rice bran 
-4.381 0.412 0.252 -0.011 -0.00088 0.944 
CE  
Rice bran 
-2.288 0.449 0.167 -0.013 -0.00068 0.766 
 
 The results of the multiple linear regression indicate that good correlations can be 
obtained between the combination of operating parameters over the ranges investigated in this 
study. The equations and relationships developed (both for individual parameters and multiple 
parameters) provide useful information pertaining to the behavior of the system within this range 
of parameters. 
 Analysis of Extracted Oil 
Crude oil contains various impurities and requires further processing. Refining treatments 
are needed to remove or at least reduce contaminants from the oil which will affect the final oil 
quality and efficient operation of any downstream modification processes (neutralization, 
bleaching, degumming, deodorization) (Gunstone, et al., 1986). Oil analysis results for several 
parameters important for these processes are presented and discussed. 
 Acid Value and Iodine Value of Soybean and Rice Bran Oil: 
Acid value provides an estimate of free fatty acids present in the oil by indicating the 
amount of alkali needed to neutralize the oil during refining operation. Product specifications of 
a refined, bleached and deodorized oil requires a free fatty acid content (% as oleic) to be a 
maximum of 0.05% (Hammond et al., 2005). 
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Table 2.4. Acid and iodine values for microwave extracted soybean oil and rice bran oil. 
Extraction 
Temperature 
(°C) 
Extraction 
Time 
(min) 
Acid value 
(% as oleic acid) 
Iodine Value 
(g iodine absorbed/100 g sample) 
Soybean  Rice bran  Soybean  Rice bran  
 
 
60 
3 1.23±0.09 7.96±0.06 121.8±0.60 127.8±0.45 
9 1.18±0.09 7.6±0.02 122.7±1.88 127.3±1.52 
15 1.5±0.09 8.3±0.12 126.8±0.43 127.1±0.29 
20 1.7±0.11 7.3±0.18 127.1±0.29 126.8±1.15 
 
 
80 
3 1.7±0.11 8.4±0.02 118.3±2.31 124.8±2.67 
9 1.7±0.14 7.9±0.36 122.4±0.76 122.4±0.76 
15 1.8±0.15 8.4±0.19 121.3±0.77 109.2±0.85 
20 2.4±0.11 8.3±0.18 114.3±1.06 114.8±0.36 
 
 
100 
3 2.5±0.16 8.7±0.15 136.7±0.92 136.2±1.63 
9 2.4±0.16 8.9±0.07 136.8±0.61 136.8±0.61 
15 2.4±0.20 9.4±0.19 136.9±0.75 135.0±0.61 
20 2.4±0.04 6.7±0.07 124.8±1.10 129.5±0.76 
 
 
120 
3 2.7±0.07 9.2±0.09 103.9±0.19 120.1±0.47 
9 2.6±0.02 9.1±0.23 103.9±0.27 103.8±1.19 
15 2.5±0.02 9.6±0.15 107.9±1.34 127.9±0.45 
20 3.0±0.06 9.4±0.19 105.7±1.01 127.3±1.52 
Literature values* 1 - 2% 3 - 4% 114 - 138 99 - 108 
 Hammond et al., 2005, Orthoefer, 2005. 
Iodine value (g of iodine absorbed per 100g of sample) is an index of unsaturation 
present in the oil. In case of soybeans and rice bran, the iodine value was found to be in the range 
of 103-136 (Table 2.4) which are within the normal range observed for these oils (Gunstone et 
al., 1986). 
The acid values (mg KOH/g of fat) of the microwave extracted soybean oil at all time-
temperature combination were determined to be in the range of 1-3 (% as oleic), (Table 2.4). The 
acid value for rice bran was found to be higher (7-9%) than that of soybean oil, mainly due to the 
fact that the bran was not stabilized prior to oil extraction and the presence of native lipase broke 
down the triglyceride structure. The maximum acid value of 9.6 (% as oleic) was observed at 
120
o
C at an extraction time of 15 min.  
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       Fatty Acid Composition of Soybean and Rice Bran oil 
The predominant fatty acids in soybean oil are linoleic acid (C18:2) in the range of 44-
62%, oleic acid (C18:1) at 19-30%, and linolenic acid (C18:3) in the range of 4-11% (Hammond 
et al., 2005). Soybean oil obtained using MAE was found to contain C18:2 in the range of 60-
68%, C18:1 at levels of 11-17%, and linolenic acid in the range of 13-15% (Table 2.5). Palmitic 
acid (C16:0) values (4-8%) were similar to those reported in literature (7-14%). Stearic acid ester 
(C18:0) values of 0.7-1.7% were obtained in microwave extracted oil as compared to 1.4-4.5% 
reported in literature. Low levels of behenic acid ester (C22:0), ~ 0.12%, and eicosenoic acid 
(C21:0) in the range of 0.5-2.5% were also found to be present (Hammond et al., 2005). 
Table 2.5. Fatty acid composition of microwave extracted soybean oil (Tr. = trace amounts) 
Temp., 
°C 
Time, 
min 
Concentration, % 
Methyl 
Palmitate 
C16:0 
Methyl 
Stearate 
C18:0 
Cis-9- 
Oleic 
Methyl 
Ester 
C18:1 
Methyl 
Linoleate 
C18:2 
Methyl 
Linolenate 
C18:3 
Methyl 
Behenate 
C22:0 
11-
Eicosenoic 
acid, methyl 
ester C21:0 
60 
3 6.66 1.66 16.29 60.8 14.47 0.11 Tr. 
9 6.12 1.49 14.38 62.67 15.35 Tr. Tr. 
15 6.71 1.37 13.75 63.77 14.4 Tr. Tr. 
20 7.45 1.39 9.96 62.91 13.21 Tr. Tr. 
80 
3 5.95 1.64 14.46 62.57 14.96 Tr. 0.41 
9 3.54 0.76 7.96 68.39 15.04 Tr. 4.31 
15 6.78 1.9 17.37 58.41 14.06 Tr. 1.38 
20 6.63 1.74 14.86 61.71 14.93 0.13 Tr. 
100 
3 5.86 1.85 10.56 65.08 15.52 Tr. Tr. 
9 6.39 1.7 6.42 68.01 15.54 Tr. Tr. 
15 5.59 1.54 13.76 60.93 14.2 Tr. 2.6 
20 5.53 1.55 14.13 59.4 14.23 Tr. 4.08 
120 
3 6.04 1.7 15.96 61.18 15 0.12 Tr. 
9 5.02 1.45 13.76 60.77 14.24 Tr. 4.73 
15 5.18 1.57 14.51 62.92 15.38 Tr. 0.43 
20 4.74 1.39 13.27 64.54 13.71 Tr. Tr. 
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Rice bran oil typically contains palmitic acid (C16:0) of about 12-28%, oleic acid (C18:1) 
at 35-50%, and linoleic acid (C18:2) at 29-45%. In addition to these major acid esters, it also 
contains varying percentages of palmitoleic acid ester (C16:1) and linolenic acid ester 
(Gunstone, 2005, Gopala Krishna, 2006). The fatty acid compositions obtained for rice bran oil 
extracted using microwaves differed slightly from literature values, with palmitoleic acid ester 
(C16:1) levels of around 8% (Table 2.6). 
Table 2.6. Fatty acid composition of microwave extracted rice bran oil (Tr. = trace amounts) 
Temp., 
°C 
Time, 
min 
Concentration, % 
Methyl 
Palmitate 
C16:0 
Methyl 
Palmitoleate 
C16:1 
Cis-9-
Oleic 
Methyl 
Ester 
C18:1 
Methyl 
Linoleate 
C18:2 
Methyl 
Linolenate 
C18:3 
11-Eicosenoic 
acid, methyl ester 
C21:0 
60 
3 Tr. 9.07 Tr. 46.37 Tr. 44.56 
9 Tr. Tr. Tr. 68.55 Tr. 31.45 
15 Tr. 36.32 Tr. 63.68 Tr. Tr. 
20 0.33 Tr. 26.47 73.21 Tr. Tr. 
80 
3 1.69 7.56 5.53 56.56 Tr. 28.66 
9 6.06 Tr. 29.84 61.48 2.63 Tr. 
15 0.16 Tr. 12.42 73.69 Tr. 13.73 
20 5.1 Tr. 24.80 61.00 Tr. 9.1 
100 
3 4.67 Tr. 25.16 63.90 2.29 3.98 
9 Tr. Tr. 15.20 84.80 Tr. Tr. 
15 Tr. Tr. 17.06 69.37 Tr. 13.58 
20 3.58 Tr. 28.44 67.98 Tr. Tr. 
120 
3 0.85 Tr. 12.26 61.65 Tr. 25.23 
9 3.66 Tr. 29.57 60.07 Tr. 6.71 
15 3.71 Tr. 24.77 71.53 Tr. Tr. 
20 3.74 Tr. 28.97 63.76 Tr. 3.53 
 
At 60°C extraction temperature and 15 min extraction time the C16:1 level was as high as 
36.32%. The microwave extracted oil was found to contain palmitic acid at (C16:0) 0.3-6%, 
oleic acid at (C18:1) 13-30%, and linoleic acid ester value (C18:2) 60-80%. Only two of the 16 
extracted samples were found to contain around 2% of linolenic acid (C18:3). 
 34 
 
Apart from unusually high levels of linoleic acid (C18:2), microwave extracted rice bran 
oil also contained a considerable proportion of eicosenoic acid (C21:0). The reason for the 
apparently random deviation from published data is not known and needs to be investigated 
further to determine if differing values are due to the microwave extraction or to the variety of 
rice.  
  Phospholipid content of soybean oil and wax content of rice bran oil: 
Crude soybean oil contains relatively higher proportions of phospholipids compared to 
other vegetable oils (Hammond et al., 2005). The recovery of phosphatides is carried out by a 
water degumming process, which removes about 90% of the total phospholipids from oil 
(Gunstone, 1986). Phospholipids can lead to dark-colored oil and are precursors of off flavor 
compounds (Hammond et al., 2005), in addition to increasing oil losses by occlusion in the 
precipitated gums (Gunstone, 1986).  
The phospholipid content for soybean oil extracted using microwaves varied between 
1.2-2.3% (Table 2.7) which was within the normal observed range (1.5-2.5%). Thus, microwave 
assisted extraction does not lead to an increase in phospholipid content that can increase the 
overall refining loss of the oil. Hence, the use of microwaves does not have a deleterious effect 
on the oil quality from the perspective of phospholipid composition.  
The amount of wax present in rice bran depends on the rice variety, milling technique, 
and oil extraction method employed (Orthoefer, 2005), and can add to refining losses by 
crystallization. The wax content of microwave extracted rice bran oil ranged from 3 to 7% as 
temperature increased (Table 2.7). This was expected, as higher temperatures melt and decrease 
the viscosity of waxes, increasing their diffusion through the matrix. The values were similar to 
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the 6-7% range reported in literature (Orthoefer, 2005), and therefore the MAE process can be 
considered benign from this parameter‟s perspective.  
Table 2.7. Phospholipid (hydratable) content of microwave extracted soybean oil and wax 
content of microwave extracted rice bran oil. 
Extraction 
Temperature 
(°C) 
Extraction 
Time 
(min) 
Hydratable Phospholipid 
in Soybean Oil 
(%) 
Wax Content of 
Rice Bran Oil 
(%) 
 
 
60 
3 1.63±0.041 2.97±0.014 
9 1.68±0.009 3.29±0.410 
15 1.875±0.049 6.47±0.671 
20 1.73±0.027 5.32±0.176 
 
 
80 
3 2.20±0.063 6.3±0.848 
9 1.88±0.021 6.9±0.565 
15 2.33±0.056 6.9±0.424 
20 1.59±0.049 4.85±0.212 
 
 
100 
3 1.25±0.056 4.9±0.848 
9 1.61±0.091 6.7±0.282 
15 1.8±0.028 6.85±0.494 
20 1.52±0.014 5.60±0.141 
 
 
120 
3 2.38±0.091 6.95±0.919 
9 2.01±0.028 6.9±0.141 
15 2.44±0.056 7.4±0.565 
20 2.16±0.093 6.5±0.565 
Literature values* 1.5- 2.5% 6 - 7% 
 Hammond et al., 2005, Orthoefer, 2005 
2.4. Conclusions 
This study indicates that microwave extraction can be used as a viable alternative to 
conventional oil extraction techniques. Results indicate that oil yield increases as the temperature 
increases. For a given temperature, an increase in extraction time causes a corresponding 
increase in oil yield. The oil yield values obtained by microwave extraction are higher than those 
obtained by conventional oil extraction under the same extraction conditions. Maximum yields 
of 17.3% and 17.2% were obtained for soybeans and rice bran respectively by microwave 
extraction as compared to 11.1% and 12.4% by conventional extraction under same time 
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temperature conditions. The major advantage of microwave assisted solvent extraction is the 
reduced time of extraction required to obtain ~95% of total recoverable oil, on the order of min, 
as compared to conventional methods that require hours for completion, with a corresponding 
reduction in energy consumption costs per unit of oil extracted. The analysis of microwave 
extracted oil also show similar characteristics to conventionally extracted oil, indicating that 
quality of oil is not affected by MAE. The single and multiple parameter equations for oil yields 
of soybean and rice bran, with the good coefficients of determination, will provide powerful 
tools to scientists and engineers when developing microwave systems for oil extraction. 
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CHAPTER 3 
MICROWAVE ASSISTED EXTRACTION OF LIPIDS FROM CHINESE 
TALLOW TREE SEEDS: AN ALTERNATE FEEDSTOCK FOR 
BIODIESEL PRODUCTION 
 
3.1 Introduction 
Chinese tallow tree (TT) – Triadica sebifera is an ancient and valuable oil seed-
producing tree with a history of large scale commercial production in China and other parts of 
Asia. Although it is considered as an invasive species in US, it has been regarded as one of the 
promising candidates for biomass production, due to its ability to re-sprout, its rapid growth rate 
and tolerance to both salt and drought (Scheld and Cowles, 1981). A non food material, TT seeds 
are a good source of both a highly saturated fat as well as highly unsaturated oil (Bolley and 
McCormack, 1950). The seeds can contain more than 40% lipids (Duke, 1997) depending upon 
the variety, that is almost equally distributed in the external vegetable tallow coating  and in the 
kernel as a drying (Stillingia) oil (Figure 3.1),  suitable for conversion into biodiesel (Christie, 
1969; Shupe and Catallo, 2006). The stillingia oil can also be utilized as drying oil (Bolley and 
McKormack, 1950) and vegetable tallow can be of interest to confectionery industry due to the 
presence of 75% palmitic acid and 20-25% oleic acid (Gunstone, 2005; Jeffrey and Padley, 
1991). Along with drying oil and vegetable tallow, protein can also be separated from the TT 
seeds (Bolley and McCormack, 1950; USDA-NRCS, 2000). Much less is known about the 
value-added products derived from TT seeds, though various products with some biological 
activity have been isolated from roots, barks and leaves of the tallow tree (Liu et al., 1988). 
Tallow trees can produce four times as much woody biomass as fast- growing poplars that can be 
utilized either for production of energy or other fuels or used to make wood-based composites 
such as medium density fiber-board, particleboard and flake boards (Eberhardt et al., 2007). It is 
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one of nature's most prolific producers of renewable hydrocarbons, yielding the equivalent of 
500 gallons (12 barrels) of fats and oils per acre per year (4,700 liters per hectare per year), far 
exceeding other traditional oil seed crops (Scheld, 1984).  
                        
Figure 3.1. a) Chinese TT seeds with coating and kernels and b) cross section of seed (USDA, 
2000)             
The physical appearance of the tallow trees, its pest resistance and colorful fall leaves 
make it a desirable ornamental tree, but its ability to compete against native plants (allelopathy) 
allows it to encroach on native lands giving it an invasive nature (Eberhardt et al., 2007). 
Currently, its invasiveness does not necessarily favor the cultivation of the tree for biomass or 
bioenergy purposes. Chinese tallow trees reduce vegetation diversity by replacing native species, 
which in turn can lead to large scale ecosystem modification. It can become a dominant plant in 
vacant lots and abandoned agricultural lands, and once established it is almost impossible to 
eliminate it by known control methods. Owing to these properties, it has been listed in The 
Nature Conservancy‟s list of America‟s Least Wanted- The Dirty Dozen‟ (USDA-NRCS, 2000). 
These characteristics make it undesirable and means to control its dispersion must be considered 
before its large scale cultivation as a biomass and lipid feedstock.  
 
b) 
a) 
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Chinese TT seeds are unique in a way that they are a good source of low iodine value 
solid fat and drying oil having a high iodine value. The seed are coated with a mesocarp layer 
which mainly contains white fat together with fibrous material of the seed (Figure 3.2.a). This 
hard, brittle shell (Figure 3.2.c) encloses a small embryo and endosperm (Figure 3.2.b). The 
endosperm is a rich source of protein meal and contains the stillingia oil (Bolley and 
McCormack, 1950). As discussed in Chapter 2 of the thesis, oil is stored in spherosomes, which 
are present throughout the germ cell layer of the seed. Adequate energy input by physical or 
chemical means needs to be provided to extract lipids from this tightly held biological matrix. 
Due to the unique structure of TT seeds, the two fractions of the seed can be extracted separately 
or the whole seeds can be crushed at once and subjected to solvent extraction yielding a mixture 
of vegetable tallow and stillingia oil. 
                          
                                
Figure 3.2. a) Outer vegetable tallow coating, b) Kernel rich in Stillingia oil and c) SEM 
image of Chinese TT seed at 200X magnification 
a. b. 
c. 
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Various methods have been employed for extraction of oils from oilseeds (organic 
solvent, soxhlet, super-critical fluid, ultra-sound, mechanical pressing, aqueous etc.) (Martinez et 
al., 2008; Sheibani and Ghaziaskar, 2008;  Sanagi et al., 2005; Lee and Lin, 2007; Luthria et al., 
2007; Rostagno et al., 2004;  Kwaku and Ohta, 1997). However, as described in Chapter 2 of this 
thesis, the main commercial processes used for defattening and deoiling are mechanical pressing 
and organic solvent extraction. Disadvantages of these methods include long extraction times 
(Soxhlet extraction, ultra-sonic extraction), low oil recovery (mechanical pressing), require large 
amounts of solvent (conventional solvent extraction), are expensive (super-critical extraction) or 
energy intensive (pressurized liquid extraction) (Huie, 2002; Grigonis et al., 2005; Martinez et 
al., 2008).  
One potential technique that can improve extraction efficiency of oil and of other 
functional components from plant material is microwave processing that can either be used as a 
thermal pretreatment prior to solvent extraction or as a process enhancement during extraction 
(Giese, 1992). In microwave assisted extraction (MAE), rapid generation of heat and pressure 
within the biological system forces out compounds from the biological matrix, producing good 
quality extracts with better target compound recovery (Hemwimon et al., 2007). Microwave 
extraction has several advantages over the conventional methods: rapidity of extraction, lower 
energy consumption, reduced byproduct formation and lower solvent usage (Letellier and 
Budzinski, 1999) as discussed in detail in Chapter 2 of the thesis.  In conventional extraction, the 
extraction of different components depend on the solubility of the components in the extracting 
solvent, mass transfer kinetics of the product and solvent matrix interactions (Spigno and de 
Faveri, 2009). The extent to which a given matrix can absorb microwave energy is dependent on 
the dielectric properties of the plant material and the extracting solvent. For a solvent-matrix to 
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absorb microwaves, it has to preferably have a higher dielectric constant (potential for electric 
energy storage in the material) as well as a higher dielectric loss (electric energy dissipation in 
the material) (Nelson, 1994).  
3.2. Materials and Method 
Sample Preparation 
Tallow tree seeds were manually harvested from near Baton Rouge, LA between 
October-November 2008. After harvest, the seeds were air dried for 2-3 days and processed 
through a thresher to separate seeds from adhering leaves and branches. These seeds were then 
winnowed to remove any foreign material. The cleaned seeds were then ground using a blade-
type coffee grinder and stored in freezer at -4°C until further use.  
Batch-type Microwave Extraction of TT seeds 
The extractions were performed in a fully instrumented and controlled Ethos E batch 
microwave system (Milestone Inc., Monroe, CT), having a maximum power output of 1.6 kW 
(the same configuration used for extraction of soybean and rice bran oil, presented in Chapter 2). 
The microwave system consisted of sealed Teflon
®
 sample holders of 250 mL capacity with 
magnetic stirrers to ensure constant mixing of the solvent-feedstock mixture. For monitoring of 
process temperature and feedback control of the power level, the built-in optical fiber 
temperature sensor was used. Twenty grams of ground TT seeds were placed in the Teflon
®
 
(poly fluorotetraethylene) sample holders, with 60 g of absolute, anhydrous ethanol (ACS/USP 
Grade), (3:1 solvent: feedstock ratio). This mixture was subjected to microwave treatment at 
different temperatures ranging from 60
o
C-120°C at increments of 20°C for different extraction 
times (3, 9, 15 and 20 min). The heating ramp-up time was 5 min with a chamber vent time of 15 
min.  
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Control Extraction  
The extractions were carried out in a round bottom flask equipped with a water condenser 
on a plate heater with a magnetic base. The flask was placed in a constant temperature oil bath to 
perform the extractions at different times. The contents in the flask were stirred using a magnetic 
stirrer. The extractions were carried out in the same time-temperature combinations as the 
microwave assisted process for both batch and continuous configurations. Soxhlet extraction 
with hexane was also performed for 12 hours on the feedstock to establish maximum oil content. 
Solvent Separation and Oil Extraction 
 After the extraction period, the sample was cooled and the oil-solvent mixture was 
vacuum-filtered through 1.2 µm Whatman filter paper (Whatman
R
, Cat. No.GF/C 1822047, UK) 
to separate the cake from the miscella (oil-solvent mixture). Miscella was then subjected to 
vacuum centrifugation to evaporate the solvent and the oil yield was computed as previously 
described for the batch type extraction of soybean and rice bran in Chapter 2.  
 Fatty Acid (FA) Composition 
            The FA compositions were determined by quantifying the methyl esters using potassium 
hydroxide as catalyst (IUPAC method 2.301) through gas chromatography as described in 
Chapter 2 for soybean and rice bran oil 
 Analysis of Statistical Significance, Extraction Kinetics and Yield prediction based 
on Multivariate Analysis 
Statistical analysis of data was carried out using SAS
®
 (version 9.1, SAS Institute, Cary, 
NC) to assess differences between the oil yields obtained by microwave and control extraction. 
Two-way ANOVA using Proc Mixed  multiple comparison tests were performed by using 
Tukey-Kramer‟s adjustment to determine significant differences between treatments at p <0.05. 
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Comparative analysis was performed only across different times at the same temperatures and 
not among different temperatures. Regression analysis to determine time and temperature 
dependent behavior of system (effect on oil yields) was performed similar to that of soybean and 
rice bran oil as described in Chapter 2 of this thesis. 
3.3. Results and Discussions 
 Fatty acid (FA) Composition Analysis of TT Lipid Yields 
Table 3.1. Fatty acid composition of CTT lipid yields 
Fatty acid 
composition 
Batch MAE Soxhlet 
60°C 120°C Ethanol Hexane 
3 
min 
20 
min 
3 
min 
20 
min 
Myristic,          
C14:0 
0.26 0.13 0.09 0.15 0.00 0.00 
Pentadecanoic, 
C15:0 
0.02 0.01 0.01 0.02 0.00 0.00 
Palmitic,          
C16:0 
16.14 17.03 11.18 16.36 22.17 23.23 
Palmitoleic,      
C16:1 
2.68 0.85 0.17 0.45 1.79 0.00 
Stearic,             
C18:0 
1.85 1.22 2.59 1.57 1.50 1.24 
Oleic,                
C18:1 
15.34 13.22 14.15 19.69 20.04 16.06 
Linoleic,           
C18:2 
16.54 13.30 36.21 16.57 14.71 19.58 
Linolenic,         
C18:3 
35.79 42.65 28.03 33.82 39.78 39.89 
Arachidic,         
C20:0 
0.00 0.00 0.22 0.00 0.00 0.00 
Eicosenoic,       
C21:0 
10.89 10.92 6.28 10.62 0.00 0.00 
Docosenoic,      
C22:1 
0.49 0.68 0.33 0.76 0.00 0.00 
Lipid Yields (% 
dry mass) 
 
26.12 
 
28.73 
 
30.39 
 
32.51 
 
33.69 
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 Table 3.1 shows the fatty acid composition of the extracted lipids at extreme time 
temperature combinations in the microwave system as compared to the ones extracted under 
Soxhlet extraction. The major component extracted in both the cases (MAE vs. CE) was 
linolenic acid, levels of which increased with increasing extraction time (28.03% at 3 min vs. 
33.82% at 20 min at T=120°C) followed by palmitic acid. Higher levels of palmitic acid were 
present in the Soxhlet extract as compared to the microwave extracted one probably due to the 
longer extraction time provided for operation. The longer exposure of feedstock to solvent and 
high temperature, in case of Soxhlet, might have cleaved the longer chain acids (docosenoic 
acid) into relatively smaller chain ones (palmitic acid). This could be a possible explanation for 
high levels of palmitic acid and absence of eicosenoic and docosenoic acids in the Soxhlet 
extract as compared to the microwave one. Fatty acid composition analysis of TT lipids must be 
performed at all times and temperatures (more data points) to better understand the variation of 
different acid levels detected at different extraction conditions.  
Effect of Microwave Assisted Extraction versus Control on Oil Yields 
The maximum yield 32.51% was obtained by MAE at 120°C at an extraction time of 20 
min (Table 3.2) which was significantly higher than the 26.34% obtained by the control. Soxhlet 
extraction on the TT seeds gave a lipid yield of 33.69% as compared to 32.51% obtained using 
the microwave system. The microwave extracted yields were significantly higher than the 
control extraction technique at all time and temperature conditions. 
A study on continuous microwave extraction of the CTT seeds using a modified version 
of current batch system was performed by Boldor et al. (2010). The study concluded that the 
continuous system (CMAE) always gave yields higher than the batch process under similar 
temperature and extraction times. For example at 73°C and 20 min, CMAE gave a yield of 
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35.32% as opposed to 29.99% obtained in a batch microwave extraction at 80°C and 20 min. 
Even at the lower temperature of 60°C and extraction time of 20 mins, CMAE gave 3% more oil 
yield (30.63%) as compared to batch microwave system (28.73%). Higher yields in continuous 
reactor can be attributed to three principal factors: 1. the different mixing methods adopted in 
both the methods, 2. the mode of power delivery into each system during the extraction process, 
and 3. the conversion of solvent into vapors in the batch process. 
Table 3.2. CTT lipid yields obtained using batch MAE and control extraction 
Temperature 
(
o
C) 
Extraction 
Time 
(min) 
Oil Yield, 
Microwave 
Extraction 
(% dry mass) 
Oil Yield, 
Conventional 
Extraction 
(% dry mass) 
60 
3 26.12±0.192 11.52±0.334 
9 26.17±0.378 12.45±0.417 
15 27.66±0.203 13.41±0.451 
20 28.73±0.331 14.74±0.153 
80 
3 26.01±0.292 12.72±0.264 
9 27.28±0.27 15.38±0.284 
15 28.88±0.120 16.34±0.456 
20 29.99±0.105 20.76±0.707 
100 
3 29.35±0.405 15.78±0.100 
9 30.27±0.255 17.54±0.661 
15 30.95±0.073 20.85±0.219 
20 31.81±0.159 25.34±0.575 
120 
3 30.39±0.217 18.74±0.342 
9 30.62±0.439 20.13±0.57 
15 31.66±0.120 22.77±0.487 
20 32.51±0.455 26.34±0.404 
 
For the batch reactor, the feedstock-solvent mixture was added to the extraction system at 
once and subjected to microwaves with simultaneous heating. In the case of the continuous set 
up, prior to subjecting the mixture to microwaves the TT seeds feedstock and solvent mixture 
was well mixed in a holding vessel and then pumped to the extracting vessel where it was 
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subjected to microwaves with the necessary holding times, as described in detail by Boldor et al. 
(2010). Thus by proper stirring of the mixture, efficient contact of the feedstock-solvent was 
assured at all times. In the case of CMAE, the oil extraction practically initiates in the feed tank 
at room temperature and is further accelerated when subjected to microwaves, removing as much 
as oil possible under given extraction conditions, whereas in batch process, all reactants are 
added at once to the vessel and then subjected to microwave extraction for the given amount of 
time and at a particular temperature, reducing the overall contact time between the solvent and 
the plant matrix. 
The second major mechanism through which yield is increased in CMAE can be ascribed 
to the way temperature was controlled in each case by adjusting the power input. For batch 
MAE, the temperature was maintained constant by turning the magnetron on and off (Figure 
3.3). As such, feedstock was only intermittently exposed to the microwave fields, and the 
microstructural damage is limited only to the duration of active exposure. In CMAE, mass flow 
rate into and out of the system was constant, therefore, due to energy and mass balance 
considerations, power was continuously supplied by the magnetron. As such, continuous 
exposures to microwave for the entire duration of the extraction enhance the processes described 
in the introduction section, with a corresponding increase in extraction yields.  
 
Figure 3.3. Snapshots of microwave power input into the batch (left) and continuous (right) 
systems. 
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For the third mechanism, in batch MAE, extraction temperatures were above ethanol 
boiling point (78°C), where essentially the ethanol was in vapor phase decreasing the optimum 
contact of solvent-feedstock inter-phase. Even at 60°C under similar extraction times, yields in 
CMAE were slightly higher than the batch extracted ones. It was also observed that about 1-
1.5% of the lipid yields was lost in the cake for the batch system. Thus in terms of quantitative 
yields CMAE was found to be more efficient than the batch system under similar extraction 
conditions recovering almost all of the lipids present in the seeds (Soxhlet extraction: 33.68%) 
The significantly higher yields obtained by microwave extraction as compared to control 
extraction can be attributed to the ability of microwaves to interact with the sample matrix at a 
molecular level and inducing significant physical disruptions into the matrix, as demonstrated by 
scanning electron microscopy (Figure 3.4). The greater microstructure disruption in the MAE vs. 
control extraction results in greater porosity and higher yields associated with MAE. In case of 
microwave assisted extraction, the presence of water and polar solvents influences both the 
amount and the rate of heating produced. When the samples are treated with microwaves, water 
molecules are initially targeted and they evaporate rapidly, increasing pressure on the cell wall. 
The rapid dehydration alters the cell wall structure and changes its permeability, resulting in 
intra-cellular contents spilling out and enhancing the mass transfer rate (Chemat et al., 2005).  
Due to the disruption of the oil bearing structures present in the seeds, there is an increase 
in amount of oil extracted with microwave as compared to the conventional extraction. Li et al. 
(2004) obtained similar results in a study on oil extracted from soybean flour using microwave 
pre-treatment. The study concluded that a maximum oil yield of about 8% (dry basis) can be 
obtained at the highest microwave pretreatment time of 2 min and extraction time of 3 h when a 
solvent mixture of hexane-isopropanol (3:2 volume basis) was used. At a 2 min microwave 
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pretreatment, the average temperature of the soybean-solvent mixture was about 120.2±7.6°C, 
which was similar to the maximum temperature tested in our experiments.  
                                            
        
Figure 3.4. SEM images for the raw sample (top, 1000×), batch MAE processed (bottom right, 
500×), and CE processed controls (bottom left, 500 ×). All images are for samples processed at 
60°C and 20 min. 
Effect of Extraction Temperature on Oil Yields 
The variation of oil yields with increasing temperatures is shown in Figure 3.5. As 
expected, as temperature increased, oil yields increased with increasing temperatures due to an 
increase in diffusion coefficients. The yields for the microwave extraction increased significantly 
with increasing temperature and extraction times as compared to the conventional ones.  
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Figure 3.5. TT lipid yields as a function of time and temperature obtained from batch microwave 
system. 
 
The influence of microwave extraction temperature on the extraction yield of oil from 
other feedstocks such as rice bran has been validated by other researchers (Duvernay et al., 2005, 
Zigoneanu et al., 2008). Duvernay et al., (2005) concluded that at higher extraction 
temperatures, MAE provided increased rice bran oil yields when isopropanol was used, and 
better oil yields than conventional Soxhlet extraction for the same extraction times.  
Effect of Extraction Time on Yields 
At the same temperature, oil yields increased with an increase in extraction times. As 
expected, longer exposure time of solvent-feedstock mixture will always increase the quantity of 
oil extracted, with significant differences being observed between oil yields among different 
extraction times for a given temperature in a majority of cases. In case of batch extraction all oil 
yields increased significantly with increase in extraction time except at lowest temperature and 
lowest extraction time (24.67% obtained at 60°C- 9 min and 23.39% 60°C- 3 min).  
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Similar trends in oil yields were observed in case of microwave assisted extraction of oil 
from soybeans and rice bran using the batch and continuous system (Kanitkar et al., 2009 and 
Terigar, 2009) as well as in a separate study on soybeans only by Li et al. (2004). In the present 
study, the rate of recovery of oil from TT was highest at lowest times (3 min) and slowly 
decreased as the time of extraction increased. However, the total amount of oil recovered 
increased when the time of extraction increased to 20 minutes.  
A simple material balance was performed on the CTT lipid yields, similar to the one as 
described in Chapter 2, for soybean and rice bran oil yields. Table 3.3 denotes yields obtained for 
both the systems (MAE and CMAE) for identical mass of solvent used. It can be observed that 
more lipids are obtained in continuous system, therefore minimizing the use of solvent. 
Considering a solvent stream of 1000 kg (MAE) or 1000 kg∙h-1 (CMAE) and a TT seeds stream 
of 333 kg (333 kg∙h-1, respectively), a batch process would give a lipid mass of 96 kg as 
compared to 102 kg∙h-1 for the CMAE process at 60°C and 20 min. The mass balances show that 
at the same temperature (60°C) and comparable times (15 vs. 16 min, 20 vs. 20 min) the 
continuous system would extract 4 to 5 kg more oil for the same amount of solvent.  
Table 3.3. Mass balance showing differences between batch and CMAE process 
Temp (°C) Batch Continuous Batch Continuous 
60 60 80 73 
Time (min) 15 20 16 20 15 20 16 20 
Yields (%) 27.66 28.73 29.32 30.63 28.88 29.99 33.16 35.32 
mlipid (kg) 92 96 97 102 96 100 110 118 
 
Based on these numbers, the solvent consumption can be reduced by approximately 
0.5%, or 80,000 tons of solvent for a 40,000 tons oil/year extraction facility (~10 million 
gallons/year), with further enhancements in economies by a corresponding reduction in solvent 
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recovery costs. For higher temperatures (73°C), these solvent costs reductions almost double, 
even with a conservative comparison to 80°C for batch MAE. 
Analysis of Extraction Kinetics and Yield Predictions based on Time and 
Temperature Multivariate Analysis 
As shown in Figure 3.6, TT lipid yields increase linearly with increasing temperatures 
(R
2
>0.92 with few exceptions). Thus, the change in lipid yields with a change in temperature can 
be predicted based on these equations generated.  Figure 3.5 shows the variation of TT lipid 
yields with increasing extraction time.  
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       Figure 3.6: TT lipid yields as a function of temperature 
 The response of extraction process, as shown, follows a first order response to a step 
input (exponential rise from an initial value to maximum). Thus, determining the system‟s 
overall behavior with change in temperature and extraction time becomes simplified using the 
results of the linear regression analysis. 
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          Figure 3.7: TT lipid yields as a function of extraction time 
 
The difference between coefficients b for MAE and CE suggest higher rates of extraction 
for the microwave process as compared to control extraction. The difference in performance was 
so pronounced that the longest times used in CE did not yield nearly the yields at the shortest 
times in MAE (i.e. at 100°C, CE yields were 25.34% at 20 min compared to 29.53% at 3 min in 
MAE).  
Whereas the above relationships can be used either at individual temperatures or at 
individual times with good confidence, they do not necessarily account for the effect of 
combining both the parameters. As such, a multiple linear regression was performed according to 
Eqn. 4.1: 
f (t,T) = y0 + a*t + b*t
2
 + c*T + d*T
2
       [4.1] 
where:  y0 – initial yield (% of dry mass) 
 t – time (min) 
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 T – temperature (°C)  
 a,b,c,d – regression coefficients 
Table 3.4. Coefficients for the multiple linear regression 
 y0 a b c d R
2
 
MAE 5.599 2.794 0.092 -0.1001 -7.511e-5 0.755 
CE -6.966 0.877 0.246 -0.0161 -6.065e-4 0.901 
 
The results of the multiple linear regression indicate that good correlations can be 
obtained between the combination of operating parameters over the ranges investigated in this 
study. These relationships, together with those determined at individual times and temperatures, 
provide powerful tools to scientists and engineers for predicting lipid extraction yields using 
these microwave technologies. 
.3.4 Conclusions 
This study indicates that microwave extraction using ethanol as a solvent can be used as a 
viable alternative to conventional oil extraction techniques for TT seeds. Results indicate that oil 
yields increase as the temperature and extraction time increase. The oil yield values obtained by 
microwave extraction are higher than those obtained by conventional oil extraction under same 
extraction conditions, which are due to the specific interaction of electromagnetic energy with 
the biological substrate and extracting solvent and the subsequent effects on cellular 
microstructure. The major advantage of microwave assisted solvent extraction is the reduced 
time of extraction required to obtain total recoverable oil, on the order of min, as compared to 
conventional methods that require hours for completion, with a corresponding reduction in 
energy consumption costs per unit of oil extracted. The single and multiple parameter prediction 
equations for lipid yields of CTT, with the good coefficients of determination, provides useful 
information for engineers while developing microwave systems for lipid extraction.  
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CHAPTER 4 
COMPARISON OF METHYL AND ETHYL ESTERS PRODUCTION 
FROM SOYBEAN AND RICE BRAN OIL IN THE PRESENCE OF 
MICROWAVES 
 
4.1. Introduction 
 Background 
The depletion of world‟s petroleum reserves, extremely volatile crude oil prices, 
increased dependence on foreign energy resources and increased environmental concerns has 
stimulated the search for alternative renewable and environmentally friendly fuels (Georgogianni 
et al., 2008, Narsimharao et al., 2007, Meher et al., 2006). The critical characteristics of these 
alternative fuels are to be technically feasible, economically competitive, environmentally 
acceptable and readily available (Meher et al., 2006). One possible alternative that fits a majority 
of these criteria is the use of vegetable oils in form of biodiesel.  
  Biodiesel consists of monoalkyl esters of long chain fatty acids obtained by 
transesterification of vegetable oil or animal fat with a short chain alcohol such as methanol or 
ethanol. Various vegetable oils have been employed for production of biodiesel, including those 
extracted from soybean, rapeseed, sunflower, palm kernel, olive etc. (Pinto et al., 2005). In 
addition, animal fats can also be used in biodiesel production but suffer from several drawbacks 
such as carbon deposits in engine, poor low temperature performance, engine durability and 
lubricating oil contamination, mainly due to the presence of high levels of saturated fatty acids 
(Ma and Hanna, 1999). Since the prices of edible vegetable oils are high and depend on overall 
food prices, non edible oils such as those obtained from Jatropha curcas (Zhou et al., 2006), 
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waste vegetable oils (Zhang et al., 2003), microalgae (Hossain et al., 2008) etc. have been 
proposed for production of biodiesel.  
  Transesterification Reaction 
Biodiesel is produced by transesterification (alcoholysis) of oil, where one mole of oil is 
chemically reacted with three moles of an alcohol in presence of a catalyst. In this reversible 
reaction, the glycerol moiety of the triglyceride molecule is replaced with an alkali radical of the 
alcohol used, giving alkyl based monoesters. Transesterification is a stepwise process (Equation 
4.1) and excess of alcohol is used to drive the reaction to the forward direction (pseudo-first 
order) (Meher et al., 2006; Ataya et al., 2006).  
Triglyceride + R‟OH       Diglyceride + RCOOR‟ 
Diglyceride + R‟OH        Monoglyceride + RCOOR‟                                                  [4.1]  
Monoglyceride + R‟OH   Glycerol + RCOOR‟  
Among all the alcohols used for transesterification, methanol is the most commonly used 
one, due to its low price and chemical and physical advantages. It is the most polar and shortest 
chain alcohol (Zhang et al., 2003). The solubility of catalyst in methanol is faster as compared to 
other alcohols and it can easily react with triglycerides leading to faster reaction rates (Sanli and 
Canakci, 2008). The formation of ethyl esters is difficult as compared to methyl esters due to the 
differing reactivities of alcohols with catalysts in order to produce alkoxide ion (the active 
moiety in transesterification) (Sanli and Canakci, 2008; Meher et al., 2006). The reaction 
essentially proceeds by formation of oil-alcohol emulsions. In case of methanolysis, these 
emulsions quickly break to form glycerol and methyl esters. In case of ethanolysis, on the other 
hand, these emulsions are more stable and interfere with the separation of esters (Meher et al., 
2006).  
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Transesterification reactions can be base-catalyzed, acid-catalyzed or enzyme-catalyzed. 
Base-catalyzed ones are often used for commercial biodiesel production because they proceed at 
a faster rate than the other two (Rashid and Anwar, 2008). Freedman et al. (1984) concluded that 
the base catalyzed ones are faster than the acid catalyzed ones by a factor of approximately four. 
The disadvantage of base catalyzed transesterification is it requires the feedstock to be low in 
free fatty acid content (Ma and Hanna, 1999). A feedstock high in free fatty acid can either be 
acid catalyzed first or subjected to saponification (alkali treatment) followed by base catalyzing 
the oil into biodiesel production (Ma and Hanna, 1999). Transesterification reaction is affected 
by molar ratio of oil to alcohol, catalysts (type and amount), reaction time and temperature and 
free fatty acids and water content of the oil. Effects of these parameters on the transesterification 
reaction have been studied by several researchers (Meher et al., 2006; Ma and Hanna, 1999; 
Freedman et al., 1984).  
 A homogeneous base catalyzed transesterification reaction requires refined oils 
containing not more than 0.5% of free fatty acids (FFA) and anhydrous conditions, because 
water favors the formation of FFAs by hydrolysis of triglycerides. FFAs, in turn, react with 
alkaline catalysts to give soaps, which have markedly reduced catalytic activity and allow 
production of emulsions between the obtained biodiesel and byproduct glycerol, requiring a long 
settling time for separation of byproducts (Di Serio et al., 2008). The process, being highly 
sensitive to presence of water, thus requires a high quality feedstock to hinder undesirable side 
reactions (hydrolysis and saponification) or additional reaction steps to eliminate FFAs 
(Narasimharao et al., 2007). 
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Microwave assisted transesterification 
Currently, several processes are employed for transesterification of oils though there 
remain considerable inefficiencies in the existing methods that include reduced selectivity, 
longer reaction times and longer separation time between the products (Refaat et al., 2008, 
Hernando et al., 2006). Conventional heating of reactants in case of transesterification requires 
higher energy and longer preheat and reaction times to produce conversions higher than 95% 
(Refaat et al., 2008). Heat transfer in case of conventional heating occurs via conduction and 
radiation from source and via conduction and convection within the material. This is an 
inefficient mode of transferring heat to the system since it depends on convection currents and 
thermal conductivities of the materials used (Kappe et al., 2009). Microwave radiation in turn 
can cause efficient internal (volumetric) heating of the reaction mixture by interacting with the 
matrix at molecular levels. These interactions, thus, lead to volumetric temperature rise of the 
entire reaction mixture as opposed to conventional heating where only the reaction mixture near 
the walls of the vessel gets heated first (Kappe et al., 2009).  
Microwaves can interact with a sample matrix by two mechanisms: dipolar rotation and 
ionic conduction. When exposed to microwave frequencies, dipoles in the sample align 
themselves in the direction of applied electric field. As the electric field rapidly oscillates, the 
dipole tries to rapidly realign to the electric field via rotation. Heat is generated by the frictional 
forces between the randomly rotating polar molecules and surrounding media. The second 
mechanism by which heating occurs is the ionic conduction mechanism. The dissolved charged 
particles oscillate back and forth under the influence of applied microwave field. When the 
electric field direction changes, the larger ions dissipate their kinetic as they slow down and 
change direction via friction at molecular levels. This friction in turn leads to localized 
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superheating and thereby high temperature and pressure gradients (Kappe et al., 2009). 
Simultaneously, the increased molecular/ ionic movement increases the likelihood of molecular 
encounters which leads to increased reaction rates. Thus the major advantages of microwave 
assisted synthesis is that reactions can be performed quickly, efficiently and safely (Leadbeater 
and Stencel, 2006). 
Whereas the microwave assisted transesterification with methanol for soybean oil has 
been investigated before (Leadbeater and Stencel, 2006), a study of microwave 
transesterification of rice bran oil, and a comparison of alcohols in presence of microwaves have 
not been performed to our knowledge. The objective of this study was to investigate the 
transesterification process parameters with two different alcohols: methanol and ethanol in a 
batch microwave system at different time-temperature combinations, and to evaluate and 
compare their performance. 
4.2. Materials and Methods 
Materials 
The vegetable oils used in this study were refined soybean (SB) and rice bran (RB) oil.  
Highly refined soybean oil was purchased from Nexsoy (Roscoe, IL) through the Chemical 
Engineering Department at LSU, while rice bran oil was purchased from Honest Foods (San 
Bruno, CA). The 200 proof, ACS/US methanol and ethanol solvents used in the reactions were 
purchased from Pharmco-AAPER (Brookfield, CT). The catalyst sodium hydroxide was supplied 
by Fisher Scientific (Pittsburg, PA).  
Transesterification Procedure 
Sodium hydroxide at 0.15-0.18% (by weight of oil) concentration was dissolved in each 
of the alcohols. Methanol to oil molar ratio was maintained at 5:1 while for ethanol a higher 
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concentration was needed to achieve significant conversion (9:1 molar ethanol to oil ratio). One 
hundred grams of oil (soybean or rice bran oil) was preheated to 50-55°C and the catalyst- 
alcohol solution was then added to it. The oil-alcohol-catalyst mixture was stirred till the two 
phases mixed well. The reaction was then carried out in a fully instrumented and controlled 
Ethos E batch microwave system (Milestone Inc., Monroe, CT), having a maximum power 
output of 1.6 kW. The microwave system consisted of Teflon
®
 sample holders of 250 mL 
capacity with magnetic stirrers to ensure constant mixing of the oil-alcohol-catalyst phase. The 
transesterification reactions were then carried out at different temperatures of 60, 70, 80°C for 5, 
10, 15 and 20 mins. The heating ramp-up time was 5 min with a chamber vent time of 15 min. 
The reaction was stopped immediately by quenching with water. 
Separation of By-products and Quality Analysis of Biodiesel 
After each individual time, the biodiesel-glycerol phase was transferred into a separating 
funnel where it was left overnight to allow separation between the lighter biodiesel phase and the 
denser glycerol phase (figure in Appendix C). After separation, the denser, lower phase 
containing glycerol, unreacted catalyst and other byproducts was separated from the biodiesel 
phase, which was further washed using water. The washings ensured complete removal of 
unreacted oil, catalyst and other products from the biodiesel. The washed biodiesel was then 
vacuum-dried to remove residual water and solvent, and the purified biodiesel was analyzed 
according to various ASTM standards to see if it met the required specifications. The biodiesel 
quality was ascertained in terms of cloud point analysis (ASTM D 2500), flash point (ASTM D 
93), kinematic viscosity (ASTM D 445), acid number (ASTM D 974), oxidative stability (EN 
14112) and free and total glycerin (ASTM D 6584), using their respective ASTM and EN 
procedures. 
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All experiments were performed in triplicates and their averages and standard deviations 
were calculated. Two-way ANOVA using proc mixed procedure was performed to determine 
significant differences between different treatments (temperature, time and, solvent) at p<0.05. 
4.3. Results and discussion 
        Effect of Microwave Irradiation on Transesterification Reaction 
Table 4.1 and 4.2 show the fatty acid methyl and ethyl ester yields, free and total glycerol 
content variation at different time- temperature combinations. The optimum molar ratio of oil: 
alcohol was found to be 1:5 in case of methanol, whereas a higher ratio of 1:9 was needed when 
ethanol was the solvent of choice. The highest conversion of 98.64% was observed at 80°C and 
20 min, in case of soybean oil with methanol as the solvent. As it can be observed in Table 4.1, 
at all time-temperature combinations, ester yields of greater than 95% were obtained. Thus, by 
use of microwaves near 100% conversion was observed in order of minutes as opposed to hours 
needed for complete transesterification in conventional processes. 
Table 4.1. Free and total glycerin content and conversion for fatty acid esters of soybean oil 
 
Temperature 
(°C) 
 
Time 
(min) 
 
Soybean Methyl esters 
 
Soybean Ethyl esters 
Free Glycerin 
(% mass) 
Total 
Glycerin  
(% mass) 
Conversion 
(%) 
Free 
Glycerin
(% 
mass) 
Total 
Glycerin 
 (% mass) 
Conversion 
(%) 
 
 
60 
5 0.0005±0.0001 0.138±0.002 97.56±0.085 Tr.  0.101±0.004 96.62±0.431 
10 Tr. 0.134±0.004 97.85±0.078 Tr. 0.084±0.007 96.95±0.085 
15 Tr. 0.19±0.016 98.05±0.071 Tr. 0.064±0.004 97.3±0.141 
20 Tr. 0.20±0.015 98.10±0.141 Tr. 0.052±0.001 97.95±0.071 
 
 
70 
5 Tr. 0.146±0.020 97.50±0.403 Tr. 0.079±0.001 97.04±0.056 
10 Tr. 0.143±0.006 98.20±0.282 Tr. 0.076±0.002 97.36±0.113 
15 Tr. 0.183±0.040 98.37±0.226 Tr. 0.068±0.004 97.46±0.098 
20 Tr. 0.101±0.001 98.74±0.120 Tr. 0.064±0.001 98.06±0.078 
 
 
80 
5 Tr. 0.209±0.016 97.84±0.078 Tr. 0.056±0.001 97.70±0.311 
10 Tr. 0.156±0.008 98.29±0.149 Tr. 0.059±0.011 98.11±0.120 
15 Tr. 0.171±0.001 98.44±0.106 Tr. 0.015±0.001 98.18±0.021 
20 Tr. 0.143±0.006 98.64±0.071    Tr. 0.013±0.001 98.32±0.042 
ASTM D 
6584 limits 
 Max. 0.020 Max. 0.240     Max.0.020 Max. 0.240 
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Generally, base catalyzed transesterification takes at least 1-2 hours to achieve 
conversions greater than 90% at oil: alcohol molar ratio of at least 1:6 (Noureddini and Zhu, 
1997). Oliveira et al., (2005) concluded that a 3 hour reaction time was needed to achieve 
conversion of 95.4% when oil to ethanol molar ratio was 1:3 using conventional heating. By the 
use of microwaves, our system observed similar conversion yields, but the time was drastically 
reduced to 20 mins from 1-2 hours of reaction time.  
Methyl ester conversions of 98.64% and 98.82% were obtained in 20 min reaction time at 
temperature of 80°C when soybean and rice bran oil were used respectively. Similarly ester 
conversions of 98.32% and 97.78% respectively were observed for soybean and rice bran oil 
when ethanol was used.  
Table 4.2. Free and total glycerin content and conversion for fatty acid esters of rice bran oil 
 
Temperature 
(°C) 
 
Time 
(min) 
 
Rice bran methyl esters 
 
Rice bran ethyl esters 
Free Glycerin 
(% mass) 
Total 
Glycerin (% 
mass) 
Conversion 
(%) 
Free 
Glycerin 
(%mass) 
Total 
Glycerin (% 
mass) 
Conversion 
(%) 
 
 
60 
5 Tr. 0.146±0.001 97.21±0.120 Tr. 0.160±0.004 95.29±0.085 
10 Tr. 0.144±0.001 97.56±0.078 Tr. 0.157±0.002 95.9±0.014 
15 Tr. 0.139±0.001 97.91±0.078 Tr. 0.116±0.007 96.13±0.113 
20 Tr. 0.136±0.002 98.18±0.042 Tr. 0.097±0.004 96.81±0.120 
 
 
70 
5 Tr. 0.108±0.004 97.58±0.021 Tr. 0.141±0.002 96.17±0.085 
10 Tr. 0.101±0.001 98.42±0.035 Tr. 0.115±0.004 96.28±0.098 
15 Tr. 0.106±0.009 98.58±0.064 Tr. 0.096±0.005 96.5±0.042 
20 Tr. 0.093±0.004 98.81±0.028 Tr. 0.065±0.011 97.28±0.098 
 
 
80 
5 Tr. 0.143±0.028 97.87±0.071 Tr. 0.112±0.026 96.59±0.035 
10 Tr. 0.140±0.028 98.13±0.098 Tr. 0.118±0.005 96.91±0.021 
15 Tr. 0.114±0.056 98.40±0.014 Tr. 0.062±0.009 97.32±0.042 
20 Tr. 0.092±0.009 98.82±0.098 Tr. 0.046±0.001 97.78±0.049 
ASTM D 
6584 limits 
 Max. 0.020 Max. 0.240  Max. 
0.020 
Max. 0.240  
 
Significantly higher conversion yields were obtained with methanol as compared to 
ethanol. Apart from considerable reduction in reaction times, another important advantage was 
the reduction in catalyst usage and hence reduced downstream processing. A catalyst amount of 
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0.15-0.18% was sufficient to give an ester conversion of >95%, whereas in traditional heating a 
catalyst amount of 0.4- 3% (w/w) of oil is needed for successful conversion to biodiesel (Meher 
et al., 2004, Ataya et al., 2006). The advantages of reducing catalyst concentration are reflected 
in the separation and purification stage of biodiesel production process. Lower catalyst amounts 
lead to easier separation from biodiesel during water washings. Less catalyst leads to lower water 
consumption and hence lower degree of emulsion formation. Easier emulsion separation has its 
effect on ester yields since loss of esters via entrapment in the emulsions is reduced. Thus, lower 
catalyst consumption has several advantages not only on the overall transesterification process, 
but also on the cumbersome separation and purification process. Reduction in separation time of 
biodiesel product from alcohol and glycerin also was observed by Refaat et al., (2008) when 
microwave irradiation was used for transesterification process (from 480 min for conventional 
process to 30 min in the case of microwaves). At 6:1 methanol-oil ratio and 1% potassium 
hydroxide concentrations, the ester yield was close to 100% in presence of microwaves with a 
reaction time of 1 min. Similar results have been obtained by various other researchers (Barnard 
et al., 2007, Hernando et al., 2006, Saifuddin and Chua, 2004). 
Thus, it can be inferred that by using microwaves as the energy source, the rate of 
conversion of triglyceride to biodiesel is enhanced and that the reaction equilibrium proceeds 
towards biodiesel production side with yields of near to 100% as little as 5 minutes. The reaction 
system of vegetable oil, alcohol and sodium hydroxide contains both ionic and polar compounds 
which essentially interact with the microwaves to create molecular mixing and rapid local 
temperature and pressure gradients. This localized superheating leads to higher reaction rates, 
resulting in higher conversions in relatively shorter times as compared to conventional 
techniques, with added benefits of reduced catalyst concentrations. 
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Effect of Alcohol on Ester Yields 
Under the given experimental set up and conditions, a methanol to oil molar ratio of only 
5:1 was adequate to obtain conversions greater than 95% and to produce biodiesel of quality that 
met ASTM standards. On the other hand, a 5:1 molar ethanol: oil ratio (used as a preliminary 
test) was not enough to induce transesterification reaction and separation of products from 
glycerol phase as previously observed by other researchers (Meher et al., 2004). No glycerol 
separation was observed even after 48 hrs of reaction completion at this ratio. A higher ratio of 
9:1 (molar ethanol to oil) was needed for the ethyl ester formation to proceed as previously 
reported by other studies. Sanli and Canakci (2008), in their study on effect of different alcohol 
and catalyst usage on biodiesel production, concluded that methanol is the most suitable alcohol 
among ethanol, 2-propanol and 1-butanol. Similar to our preliminary observation, their study did 
not show any separation of glycerin phase even after 48 h of transesterification with ethanol. 
During the washing of esters, additional difficulties were encountered with ethanol as the 
emulsions formed were difficult to break and took longer to separate from the biodiesel phase.  
Tables 4.1 and 4.2 show total and free glycerin content and percent conversions for 
methyl and ethyl esters. Significantly higher methyl ester conversion rates were obtained 
compared to those for ethyl esters. This was probably due to the difficulty in separating the ethyl 
esters emulsion vs. methyl esters, which led to loss of ethyl esters (reduced yields) by entrapment 
in the emulsions. Prior to reacting, dissolution of sodium hydroxide in ethanol took much longer 
than in methanol (45 mins as opposed to 15 mins) which indirectly impacts the completion time 
of the overall transesterification process. After the reaction, the separation of glycerol phase from 
the upper ethyl ester phase took longer time (5-6 hours more as compared to methyl esters) 
probably because higher ethanol ratio interferes with the glycerin separation. Thus, separation 
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time is increased in case of ethanol leading to an additional increase in overall time of ethyl 
esters production.  
Methanol is most commonly used and preferred alcohol owing to its low cost, its polarity 
and its short chain length, which are all advantageous in the triglyceride transesterification 
reaction. Ethanol was used in the study since it can be produced from agricultural renewable 
resources, thereby attaining a renewable nature to the entire transesterification process. Thus, 
further investigations in terms of cost, practicality and relative advantages need to be performed 
to determine the most suitable alcohol to be employed in microwave assisted transesterification. 
Energy Consumption per kg of Biodiesel Produced  
To further compare the energy consumed by each alcohol per kg of biodiesel produced, a 
simple energy balance was performed to determine the amount of energy consumed to produce a 
kg of biodiesel in both the cases. Consider the % conversion yields of soybean and rice bran 
methyl and ethyl esters produced at 80°C- 20min (conversion yields as shown in tables 4.1 and 
4.2).  
The energy consumed (J) can be calculated as: 
E=                                                                                                                           [4.2] 
where, 
E- Energy consumed (J) 
m- Mass of reaction mixture (g) 
Cp- Average specific heat of the mixture (J/g°C) 
ΔT- Change in temperature (°C) 
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Total mass of reaction (m) differs in case of methanol and ethanol since different oil: 
alcohol ratios were employed for transesterification in each case. The values for mass (m) and 
specific heat of each oil and alcohol is given in Table 4.3. 
Table 4.3. Specific heat values for oils and alcohols 
 Ethanol Methanol Soybean oil Rice bran oil 
Specific heat (J/g°C) 2.443 2.720 2.531 2.089 
Amount, (gm) 42 16 100 100 
 
The average Cp for the reaction mixture is calculated based on the mass fractions and 
specific heat of each component. The change in temperature i.e. the energy microwave spends in 
heating the oil-alcohol-solvent mixture, in this case, is from room temperature (20°C) to 80°C 
(highest temperature of reaction). 
The energy spent per gm of biodiesel can then be calculated based on the conversion 
yields obtained at a time-temperature combination as given by equation 4.3 
Energy consumed/gm of biodiesel produced =                                 [4.3]  
Therefore, energy consumed per kg of biodiesel can be easily calculated using these 
equations. Table 4.4 gives the energy consumed (J/kg) per kg of biodiesel produced for methyl 
and ethyl esters of soybean and rice bran oil. 
Table 4.4. Energy consumed per kg of biodiesel produced 
@ 80°C, 20min % Conversion Energy consumed per kg of 
biodiesel (kJ/kg) 
Soybean methyl ester 98.64 180.42 
        Soybean ethyl ester 98.32 181.01 
  Rice bran methyl ester 98.82 153.26 
        Rice bran ethyl ester 97.78 191.14 
 
 As it can be seen from Table 4.4, the amount of energy consumed for methyl and ethyl 
ester of soybean oil is approximately the same, due to similar conversions obtained in both the 
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cases. In case of rice bran, however, much higher energy is consumed to produce ethyl ester of 
rice bran oil as compared to methyl ester. For higher % conversion (98.82% vs. 97.78%), lower 
energy is consumed by microwave to produce rice bran methyl ester as compared to ethyl ester 
of rice bran oil. Thus, in terms of energy efficiency, methanol proves to be a better alcohol than 
ethanol, due to its lower oil: alcohol ratio used to achieve similar or higher % conversion 
biodiesel yields. 
Recovery of Alcohol from Biodiesel Phase 
After each individual time, the biodiesel-glycerol phases were allowed to separate 
overnight. After separation, the denser, lower phase containing glycerol, unreacted catalyst and 
other byproducts was separated from the biodiesel phase, which was further washed using water. 
The washings ensured complete removal of unreacted oil and catalyst from the biodiesel. In a 
commercial biodiesel manufacturing plant, the excess of alcohol (excess over the stoichiometric 
required), needs to be recovered and there is an energy cost associated with its recovery. A 
simple, energy balance can be performed to evaluate the energy consumed to recover the 
unreacted solvent, methanol and ethanol, in this case.  
Stoichiometrically, transesterification reaction proceeds at an oil: alcohol ratio of 1:3 
(Equation 4.1). But an excess of alcohol is needed to drive the equilibrium reaction to the 
biodiesel production side. In this study, molar oil: alcohol ratios used were 1:5 in case of 
methanol and 1:9 in case of ethanol. Thus, excess of alcohol in each case needs to be recovered 
from the biodiesel phase before it can be analyzed for various specifications.  
Table 4.5 gives the amounts of alcohol used in excess, actually consumed during the 
course of reaction and the excess that needs to be recovered from the biodiesel phase. The 
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amount of energy consumed to evaporate the excess of solvent can then be calculated using 
equation 4.4 given below. 
Table 4.5. Methanol and ethanol consumption values 
 Methanol  Ethanol 
Alcohol initially added (1:5/1:9) 16 g 42 g 
Alcohol actually consumed (1:3) 10 g 14 g 
Alcohol in excess 6 g 28 g 
Latent heat of vaporization (λ) 1100 J/g 838 kJ/g 
 
Energy consumed for solvent recovery, E=                                             [4.4] 
where, 
E- Energy consumed, J 
M- Total mass of biodiesel and residual alcohol, g 
Cp- Average Cp of biodiesel-alcoholt mixture, J/g°C 
ΔT- Change in temperature (from room temperature to boiling point of alcohol), °C 
m- Mass of residual alcohol, g 
λ- Latent heat of vaporization of alcohol, J/g 
 The calculations were performed at maximum biodiesel conversion yields (80°C- 20 min) 
for soybean and rice bran methyl and ethyl ester. The specific heat of biodiesel is assumed to be 
the same as that of oil (Table 4.3). Change in temperature in each case is from 20°C to boiling 
point of each solvent. By plugging in the values in equation 4.4, the energy required to evaporate 
residual amount of solvent present in the biodiesel phase are tabulated in table 4.6. 
Table 4.6. Energy consumed for evaporation of residual alcohol 
@ 80°C, 20min % Conversion Energy consumed (kJ) 
Soybean methyl ester 98.64 18.56 
        Soybean ethyl ester 98.32 41.85 
  Rice bran methyl ester 98.82 16.62 
        Rice bran ethyl ester 97.78 39.26 
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 The amount of energy spent to recover ethanol from the biodiesel phase is much higher 
as compared to methanol (Table 4.6). This is expected since, higher ethanol: oil ratio was used 
for ethyl ester production as compared to methanol: oil. Thus, in terms of corresponding costs 
associated with the recovery of alcohol, methanol proves to be a better alcohol than ethanol for 
biodiesel production. 
Analysis of Biodiesel 
a. Free and total glycerin content in biodiesel: 
The total and free glycerin content analysis reflecting biodiesel quality was performed for 
the microwave assisted reaction products and compared to the limits imposed by existing 
standards. Higher content of glycerin may lead to storage problems and deposition problems at 
nozzles, pistons and valves. As shown in Tables 4.1 and 4.2, biodiesel obtained at all time-
temperature combinations met the ASTM specifications for free and total glycerin content for 
both alcohols. Most of the samples tested did not contain any free glycerin and the total glycerin 
values for all the samples were significantly lower than the tolerance limits specified. As 
expected, the total glycerin value content dropped with increasing reaction time and temperature, 
suggesting higher biodiesel yields at elevated reaction conditions and reduced residual oil and 
glycerin amount. The total glycerin values for ethyl esters were significantly lower than the 
corresponding methyl esters. The lower total glycerin values indicate an efficient reaction and 
washing operation and hence the lower yields obtained for ethyl esters (washings removed some 
ethyl esters as well). It can be concluded that microwave assisted transesterification as compared 
to traditional heating methods gave comparable yields and excellent quality biodiesel product in 
shorter times. No glycerol peaks observed in the gas chromatography data analysis as shown in 
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figure 4.1, suggests the separation of biodiesel phase from the byproducts and the washing 
operation was efficient.  
 
Figure 4.1. Gas chromatograph of a tested biodiesel sample 
 
b. Oxidative Stability: 
Presence of air, light and elevated temperatures influence the oxidation process of 
biodiesel which is detrimental to fuel quality. ASTM specifications require a minimum oxidative 
stability index of 3 hrs. Table 4.7 shows that oxidative stability index values for methyl and ethyl 
esters met or exceeded the specified ASTM criteria. The oxidative stability seems to be 
marginally increasing with an increase in the reaction time and temperature, though all were 
significantly above the 3 hours (minimum) limit. The oxidative stability of ethyl esters was 
significantly higher than the corresponding methyl esters indicating a better stability. An 
Diglycerides Monoglycerides 
Triglycerides 
 
Biodiesel 
Glycerol 
Solvent 
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oxidative stability index of 15 h implies the biodiesel can be stored as is under normal 
atmospheric conditions for 4706 h (196 days or 7 months) (Farhoosh, 2007). 
Table 4.7. Oxidative stability of fatty acid alkyl esters 
Temperature 
(°C) 
Time (min) Oxidative Stability (hrs.) 
Soybean  
Methyl Esters 
Soybean  
Ethyl Esters 
Rice bran  
Methyl Esters 
Rice bran  
Ethyl Esters 
 
 
60 
5 6.31±0.848 5.11±0.148 3.52±0.558 5.56±0.622 
10 5.38±0.247 5.55±0.643 3.75±0.354 5.75±0.354 
15 5.86±0.197 6.06±0.085 3.73±0.388 6.56±0.495 
20 5.94±0.085 6.96±0.064 4.85±0.212 6.72±0.388 
 
 
70 
5 6.65±0.212 7.20±0.276 4.52±0.685 5.84±0.382 
10 6.57±0.533 7.49±0.304 4.53±0.672 6.25±0.354 
15 7.31±0.282 8.08±0.092 5.82±0.262 6.90±0.438 
20 7.33±0.296 8.23±0.156 5.69±0.608 7.22±0.615 
 
 
80 
5 5.18±0.240 8.04±0.056 6.1±0.141 6.58±0.382 
10 5.93±0.099 8.99±0.014 7.19±0.268 7.26±0.367 
15 6.05±0.098 10.01±0.021 7.11±0.148 7.60±0.099 
20 5.78±0.318 10.50±0.071 6.87±0.940 7.79±0.148 
ASTM EN 
14112 limit 
 
Min 3.0 hrs 
 
c. Viscosity: 
Kinematic viscosity of fuels is important for estimation of optimum storage, handling and 
operation conditions. Viscosity of biodiesel has its effect on injector nozzle spray patterns that 
has an influence on combustion and emission properties of fuel. The ASTM specifications 
require viscosity of fuel to be in range of 1.9-6.0 mm
2
/ sec. Viscosity of biodiesel obtained at a 
reaction temperature of 60°C did not meet the viscosity specifications (Table 4.8), due to the fact 
that unreacted oil at this specific reaction temperature remained in the biodiesel phase and was 
not completely removed during the washing operation. As temperature increased to 70°C and 
80°C, the viscosity of all the samples fell within the specified ASTM range. The viscosity of 
methyl esters was found to be significantly different than the ethyl esters. 
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Table 4.8. Viscosity of fatty acid alkyl esters 
Temperature 
(°C) 
Time 
(min) 
Viscosity (mm
2
/sec) 
Soybean  
Methyl Esters 
Soybean  
Ethyl Esters 
Rice bran 
 Methyl Esters 
Rice bran 
 Ethyl Esters 
 
 
60 
5 6.56±0.438 6.88±0.141 6.27±0.057 6.85±0.092 
10 6.19±0.141 6.55±0.282 6.43±0.156 6.73±0.226 
15 6.64±0.162 6.18±0.120 6.78±0.177 6.68±0.149 
20 6.40±0.240 6.10±0.148 6.67±0.156 6.12±0.156 
 
 
70 
5 5.93±0.021 5.88±0.035 5.84±0.078 5.86±0.071 
10 5.75±0.098 5.91±0.028 5.64±0.269 5.72±0.106 
15 5.55±0.289 5.61±0.212 5.69±0.198 5.32±0.057 
20 5.63±0.219 5.34±0.184 5.44±0.056 5.11±0.141 
 
 
80 
5 5.76±0.162 5.67±0.162 5.48±0.240 5.70±0.042 
10 5.61±0.219 5.44±0.014 5.59±0.289 5.49±0.078 
15 5.61±0.388 5.15±0.092 5.48±0.311 5.23±0.035 
20 5.35±0.169 4.74±0.382 5.54±0.113 5.09±0.120 
 
ASTM D 445 
 
 
1.9-6.0 
 
d. Cloud point and Flash point: 
The cloud point indicates the behavior of cold temperature flow properties of the fuel. 
The cold point of the biodiesel obtained seemed to have significantly decreased (improved) with 
increase in reaction times and temperatures (Table 4.9). This is again owed to more complete 
reaction at higher time and temperature combinations and hence reduction in cloud point. Cloud 
point of methyl esters was found to be significantly lower than the ethyl esters suggesting 
improved low temperature performance of methyl esters.  
Flash point of the fuel gives the tendency of a sample to form a flammable mixture. It is 
an important parameter related to the ignition properties of any fuel and its safety during 
handling.  
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Table 4.9. Cloud point of fatty acid esters 
Temperature 
(°C) 
Time 
(min) 
Cloud Point (°C) 
Soybean Methyl 
Esters 
Soybean Ethyl 
Esters 
Rice bran 
Methyl Esters 
Rice bran 
Ethyl Esters 
 
 
60 
5 7.25±0.354 6.60±0.566 7.25±0.354 7.65±0.212 
10 7.50±0.707 7.25±0.354 7.10±0.141 7.10±0.141 
15 6.85±0.212 6.90±0.141 7.20±0.282 7.25±0.354 
20 6.65±0.212 6.11±0.148 6.90±0.141 7.25±0.071 
 
 
70 
5 6.50±0.071 6.45±0.071 6.60±0.141 6.65±0.212 
10 6.35±0.071 6.05±0.071 6.25±0.354 6.70±0.142 
15 5.75±0.354 5.95±0.071 6.70±0.425 6.50±0.282 
20 5.55±0.356 5.90±0.141 6.60±0.565 6.10±0.142 
 
 
80 
5 4.95±0.212 5.05±0.071 5.70±0.142 5.60±0.142 
10 4.55±0.354 4.70±0.283 5.75±0.071 5.55±0.212 
15 4.40±0.141 4.65±0.212 5.20±0.142 5.05±0.071 
20 4.57±0.354 4.75±0.071 5.35±0.212 5.10±0.141 
 
ASTM D 2500 
 
 
Report 
  
 
 
Table 4.10. Flash point of fatty acid esters 
 
Temperature 
(°C) 
 
Time 
(min) 
Flash Point (°C) 
Soybean Methyl 
Esters 
Soybean Ethyl 
Esters 
Rice bran 
Methyl Esters 
Rice bran 
Ethyl Esters 
 
 
60 
5 136.0±1.42 135.5±2.121 142.5±3.536 138.5±2.121 
10 139.5±0.707 138.5±2.121 146.5±2.121 140.0±2.828 
15 136.5±2.121 137.0±2.828 148.0±2.828 143.5±2.121 
20 143.0±2.828 131.0±1.414 146.0±1.414 142.5±3.536 
 
 
70 
5 141.0±1.414 137.5±3.536 146.5±2.121 146.0±1.414 
10 145.5±2.121 142.0±2.828 145.5±3.536 152.0±2.828 
15 142.5±3.536 147.0±2.828 151.0±1.414 150.5±2.121 
20 146.5±2.121 145.0±1.414 149.5±2.121 149.0±2.828 
 
 
80 
5 152.0±2.828 154.5±3.536 150.5±3.536 154.0±2.828 
10 157.0±2.828 157.0±1.414 150.0±4.243 154.0±1.414 
15 157.0±4.243 159.5±0.707 159.0±1.414 154.5±2.121 
20 159±1.412 159±1.414 153.5±2.121 156.5±2.121 
 
ASTM D 93 
 
 
Min. 130 
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The biodiesel obtained at all time- temperature combinations met the flash point criteria 
(table 4.10) needed to be directly used as a fuel specified by ASTM standards (minimum of 
130°C). A significant difference between methyl and ethyl esters of soybean and rice bran oil 
was observed. 
e. Acid value: 
Acid value is an important factor that determines the quality of fuel. It reflects on the 
storage characteristics and corrosion properties of any fuel and ASTM specifications have set a 
limit on acid value of biodiesel to be less than 0.5 mg of KOH/gm of oil. Acid value gives a 
measure of acids present in the fuel that can arise as a result of liberation of fatty acids from the 
oil molecule during transesterification or due to oxidation. The biodiesel samples obtained at all 
time temperature combinations fell within the range, though the value increased with increasing 
temperatures as seen in table 4.11. A significant difference between methyl and ethyl esters was 
observed at all time-temperature combinations. 
Table 4.11. Acid value of fatty acid alkyl esters 
Temperature 
(°C) 
Time 
(min) 
Acid Value (mg of KOH/gm) 
Soybean Methyl 
Esters 
Soybean Ethyl 
Esters 
Rice bran 
Methyl Esters 
Rice bran 
Ethyl Esters 
 
 
60 
5 0.39±0.007 0.46±0.042 0.41±0.007 0.48±0.007 
10 0.35±0.014 0.49±0.007 0.41±0.007 0.47±0.007 
15 0.41±0.0141 0.46±0.007 0.42±0.014 0.46±0.014 
20 0.47±0.0141 0.47±0.014 0.45±0.007 0.44±0.007 
 
 
70 
5 0.42±0.007 0.43±0.007 0.48±0.007 0.47±0.014 
10 0.43±0.007 0.47±0.035 0.47±0.007 0.47±0.021 
15 0.49±0.007 0.39±0.014 0.47±0.007 0.46±0.014 
20 0.44±0.014 0.38±0.021 0.45±0.071 0.46±0.007 
 
 
80 
5 0.42±0.042 0.41±0.007 0.46±0.007 0.47±0.014 
10 0.46±0.014 0.42±0.007 0.42±0.014 0.48±0.014 
15 0.45±0.007 0.46±0.007 0.46±0.014 0.48±0.007 
20 0.46±0.007 0.47±0.007 0.46±0.007 0.44±0.021 
 
ASTM D 664 
 
 
Max. 0.5 
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4.4.Conclusions 
The present study demonstrated that microwaves can be used as an alternate to 
conventional methods for biodiesel production from soybean and rice bran oil. The major 
advantage observed was a considerable reduction in catalyst usage needed for the reaction along 
with higher reaction rates (lower reaction times on the order of minutes as compared to hours) 
and lower alcohol: oil ratio.  Microwave assisted transesterification required as little as 5 mins to 
obtain 95% conversion as compared to an hour required by a conventional process. Catalyst 
consumption was drastically reduced to 0.15-0.18% (approximately 10-fold) in the microwave 
assisted process as compared to conventionally required amounts of as high as 1.5- 3%.  The 
reduction in catalyst usage has an impact on the easier separation and purification processes of 
biodiesel. Two alcohols, methanol and ethanol were tested and compared in the study and it was 
observed that methanol presented distinct advantages over ethanol (in terms of ester yields and 
alcohol consumption). However ethanol has certain advantages from an environmental and 
safety perspective. Further investigation in terms of cost and benefits need to be performed to 
arrive at a concrete conclusion in terms of which alcohol to be employed. The biodiesel thus 
obtained met the ASTM specifications rendering it viable for use as fuel in diesel engines.  
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CHAPTER 5 
SUMMARY AND FUTURE WORK 
 The rationale behind this work was to develop a more cost-efficient technology for oil 
extraction and its subsequent transesterification to biodiesel. Soybeans and rice are some of the 
major crops driving the agricultural economy of Louisiana. A microwave assisted technique for 
extraction of oil from these feedstocks was developed and studied in detail. The study indicated 
that microwave extraction can be used as a viable alternative to conventional oil extraction 
techniques from soybeans and rice bran. The microwave assisted oil yields obtained from these 
two feedstocks were 17.3% and 17.2% respectively. An oil quality analysis in terms of fatty acid 
composition, acid value, iodine value etc. performed on the oils indicated similar values as 
reported in literature.  The major advantage of MAE was the reduced extraction time required to 
obtain ~95% of total recoverable oil, on the order of minutes as compared to hours of completion 
required for conventional extraction methods with no deleterious effects on quality of oil. This 
also implies a corresponding reduction in energy consumption per unit of oil extracted. The 
value of Louisiana crops (soybeans and rice) will increase through the use of their byproducts 
(soybean and rice bran oil) as a biodiesel feedstock. 
To reduce the use of food crops for biofuel production, an alternate feedstock, Chinese 
tallow tree seeds, was also tested in the study.  CTT has the potential to become an energy crop 
for US Gulf coast as it is tolerant to practically any soil conditions and it can also tolerate 
relatively high levels of salts in soil. MAE of CTT seeds gave a lipid yield of 32.51% in as little 
as 20 minutes. The study thus indicates that CTT seeds have the potential to become an 
alternative feedstock for biodiesel production owing to its high oil content and its nonedible 
nature. 
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 Transesterification of refined soybeans and rice bran oil was also performed in the same 
batch microwave set up. Conversions of >95% were achieved in as little as 20 minutes in the 
presence of microwaves. One of the greatest advantages of this system was reduced catalyst 
consumption (0.15-0.18%) as compared to conventional values of as high as 1.5- 3%. Lower 
catalyst usage has an impact on the easier separation and purification process of biodiesel. Two 
alcohols, methanol and ethanol, were tested in the study and compared. A further comparison of 
cost and benefits needs to be performed in terms of the type of alcohol to be employed for 
transesterification. The biodiesel obtained met the ASTM specifications rendering it viable for 
use as a fuel.  
 The work presented in the thesis clearly indicates that microwaves can be used as a 
source of energy for extracting oil from feedstocks and converting it to biodiesel. Major 
advantages of the microwave assisted process include versatility, speed, selectivity, and lower 
solvent consumption in addition to reduced byproduct formation and lower energy expenditure. 
The study indicates that conventional agricultural oil crops like soybeans and rice bran can be 
replaced by the seeds of an invasive species, Chinese tallow tree as an alternate feedstock for 
biodiesel production. Transesterification in presence of microwaves not only produced biodiesel 
in order of minutes but also catalyst consumption was reduced to less than 10%. This in turn is 
advantageous for downstream processing of biodiesel enhancing yields and reducing the amount 
of waste streams generated. 
 Future Work 
 The experimental studies performed in this study gave an insight into microwave assisted 
oil extraction from various feedstocks and transesterification of oils in a laboratory scale batch 
microwave set up. In view of its potential commercialization, the performance of these systems 
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at continuous pilot scale needs to be studied. The scale up for microwave assisted extraction of 
oil has been developed by Terigar (2009). A system allowing continuous transesterification of 
oils to biodiesel needs to be designed for handling larger, practical volumes. The results from 
batch process (oil: alcohol ratio/ catalyst concentration/ molar oil: alcohol ratio) should be 
utilized to build a system that gives maximum conversion to biodiesel in a given amount of time. 
Alcohol recovery unit and recycling the recovered alcohol back into the transesterification unit 
can be an additional advantage that can be added to the continuous system.  
 Refined vegetable oils were utilized in this research making the processing easier to 
handle. To make it more practical, waste vegetable oils can be used as a feedstock for biodiesel 
production. High free fatty acid and moisture content of the waste vegetable oil would make the 
base catalyzed transesterification of it difficult. This brings us to the heterogeneous catalyst 
transesterification system for biodiesel production. Apart from the advantage of using waste 
vegetable oils for biodiesel production, use of heterogeneous catalysts renders the post 
processing (glycerol separation and washing) operations less cumbersome. Thus, use of 
heterogeneous catalysts for biodiesel production will have its own advantages and cost benefits 
associated with it. 
 An alternate feedstock, Chinese tallow tree seed, was also tested in the research. Its very 
high lipid content and non edible nature makes it a very desirable biodiesel feedstock. To add 
more value to it, value added products from these seeds should be investigated. Similar to 
proteins and isoflavones from soybeans and oryzanol from rice bran, CTT value added products 
should be explored and investigated that will add to the value of this non-invasive species. 
 To optimize production of oil and biodiesel, understanding of various parameters such as 
flow patterns of liquid, reaction kinetics, effect of microwave heating is essential. This requires 
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simultaneous solving of several flow, heat and energy, and electromagnetic equations. Numerical 
modeling can be used as an approach to solve these numerous and complex equations. Numerical 
modeling of the oil extraction and transesterification process will help in predicting the behavior 
of the system and thus optimizing it.  
 An economic analysis of the microwave technology needs to be performed to give a 
clearer picture of how beneficial and practical setting up a microwave process for oil extraction 
and transesterification would turn out to be.   
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APPENDIX A 
SOYBEAN AND RICE BRAN OIL EXTRACTION DATA 
Table A1. Microwave assisted soybean oil extraction yields. 
Temperature 
(°C) 
Time 
 (min) 
Oil yield %(g of oil/g of feedstock) Average 
Oil yield 
Std Dev. 
1 2 3 4 
60 
3 8.4 8.75 8.7 8.6 8.61 0.154 
9 9.62 9.55 9.69 9.61 9.62 0.057 
15 10.92 11.01 10.85 11.56 11.08 0.323 
20 11.65 11.03 11 10.9 11.15 0.341 
80 
3 9.52 9.19 9.54 9.47 9.43 0.163 
9 11.6 11.99 11.92 11.64 11.78 0.196 
15 12.45 12.2 12.36 11.99 12.25 0.201 
20 12.56 12.96 13.26 13.22 13.00 0.322 
100 
3 11.3 11.24 10.8 11 11.08 0.23 
9 11.19 12 11.6 11.66 11.61 0.332 
15 11.39 11.9 11.89 12.43 11.90 0.424 
20 12.7 12.1 12.68 12.02 12.37 0.365 
120 
3 10.97 10.31 10.9 10.53 10.67 0.311 
9 11.82 11.47 11.47 11.98 11.68 0.256 
15 16.58 15.85 15.63 14.95 15.75 0.671 
20 17.46 17.09 17.25 17.42 17.31 0.169 
 
Table A2. Microwave assisted rice bran oil extraction yields. 
Temperature 
(°C) 
Time 
 (min) 
% Oil yield (g of oil/g of feedstock) Average 
Oil yield 
Std Dev. 
1 2 3 4 
60 
3 8.51 8.72 8.7 8.93 8.71 0.171 
9 10.04 9.82 9.92 10.05 9.95 0.109 
15 12.04 11.77 12.19 11.8 11.95 0.200 
20 12.26 12.04 12.44 12.4 12.28 0.180 
80 
3 12.67 12.64 12.74 12.66 12.67 0.043 
9 13.12 13.32 13.28 13.18 13.22 0.091 
15 13.01 13.65 13.41 13.23 13.32 0.271 
20 13.19 13.2 13.19 13.28 13.21 0.043 
100 
3 14.9 15.2 15.28 15.18 15.14 0.165 
9 15.7 15.82 15.71 15.89 15.78 0.091 
15 16.23 16.06 16.11 16.07 16.11 0.078 
20 16.56 16.32 16.06 16.22 16.29 0.209 
120 
3 14.09 14.15 14.19 14.23 14.16 0.059 
9 14.76 14.54 14.6 14.65 14.63 0.093 
15 16.36 `6.23 16.55 16.67 16.45 0.195 
20 17.11 16.82 17.73 16.95 17.15 0.402 
 
Stepwise procedure for MAE of soybean and rice bran oil: 
1. Grind obtained soybeans using a kitchen mill to a fine ground powder. 
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2. Weigh 20 g of this grinded powder into the Teflon beakers. 
3. To this add 60 g of anhydrous ethyl alcohol such as the ratio of feedstock to solvent is maintained at 1:3. 
4. To the Teflon vessel add magnetic stirrers to enhance mixing and hence better extraction rates. 
5. Close the Teflon beakers and seal them completely such that no ethanol vapors would evaporate from the 
sample during extractions at high temperatures. 
6. Input in the different time-temperature combinations to the microwave and start the extraction process. 
7. After the extraction is complete and the sample is cooled, open the Teflon beakers. 
8. Remove the magnetic stirrers and filter the oil-solvent mixture using a vacuum filtration technique. 
9. Weigh the cake that is left behind on the filter paper. 
10. Evaporate the oil-solvent mixture using a vacuum centrifuge till no change in weight is observed. 
11. Calculate the oil yield using the formula as given in Chapter 2. 
12. Repeat the same procedure for rice bran oil except that no grinding is required in case of rice bran. 
 
 
Soy flour/ Rice bran 
(1 part) 
 
Ethanol 
(3 parts) 
 
Batch Microwave 
heating/ 
Conventional water 
bath heating 
Filtered 
through 
Whatman
®
 
paper 
Vacuum 
centrifugation 
Filtrate 
Cake 
Compute oil yield 
by extrapolation 
Compute oil yield 
from weight of left 
over oil 
Total oil yield 
(% dry mass) 
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Figure A1. Process overview of oil extraction and computation of oil yield 
 
          
                                    
Figure A2. Batch microwave set up used for oil extraction and transesterification reaction. 
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Microwave 
extraction vessel 
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Figure A3. Temperature-time profile as displayed by the microwave system 
Figure A3 shows a plot of temperature vs. time as displayed by the microwave system. The red line shows the 
progress of temperature with time. The initial slope indicates the ramp up time (5 minutes) needed for the 
microwave to attain required extraction temperature. The black spikes indicate the supply of energy by the 
microwave system to maintain the reaction at specified temperature. 
Input SAS program used for all oil extraction comparison (soybean, rice bran and CTT): 
dm "output;clear;log;clear"; 
ODS RTF File="\\Exst-server2\cleona6$\Stat. Consulting\Boldor\Akanksha\YieldRB.rtf"; 
proc import out = work.stat 
datafile = "\\Exst-server2\cleona6$\Stat. Consulting\Boldor\Akanksha\Batch MW_0609.xls" 
dbms = excel replace; 
SHEET="Rice Bran$";  
     GETNAMES=YES; 
     MIXED=YES; 
     SCANTEXT=YES; 
     USEDATE=YES; 
     SCANTIME=YES; 
RUN; 
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data two; set stat; 
if temperature=120 and time=15 and extraction=1 and replicate=1 then yield=.; 
run; 
title1 'Analysis with fixed categorical effects'; 
proc mixed data=two covtest; 
 class extraction time temperature; 
 model yield =  extraction|time|temperature/ ddfm=kr outp=mix1; 
run; 
proc sort data=two; by temperature;run; 
title1 'Analysis with fixed categorical effects by TEMP'; 
proc mixed;by temperature; 
 class extraction time; 
 model yield =  extraction|time/ ddfm=kr; 
 lsmeans extraction|time/pdiff adj=tukey; 
 ods output diffs=ppp1; 
 ods output lsmeans=mmm1; 
run; 
 %include '\\Exst-server2\cleona6$\Stat. Consulting\Gressley\Saxton\pdmix800.sas'; 
 %pdmix800 (ppp1,mmm1,alpha=.05,sort=no); 
proc univariate data=mix1 plot normal; 
 var resid; 
run; 
proc gplot data=mix1; 
 plot resid*pred; 
run; 
ods rtf close; 
quit; 
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APPENDIX B:  
OIL EXTRACTION DATA FOR CTT SEEDS 
Oil extraction SAS output: 
Following is the output obtained for CTT seeds. Similar output was obtained for soybeans and rice bran yields 
Model Information 
Data Set WORK.TWO 
Dependent Variable Yield 
Covariance Structure Diagonal 
Estimation Method REML 
Residual Variance Method Profile 
Fixed Effects SE Method Model-Based 
Degrees of Freedom Method Residual 
 
Class Level Information 
Class Levels Values 
Extraction 2 1 2 
Time 4 1 2 3 4 
Temperature 4 1 2 3 4 
 
Dimensions 
Covariance Parameters 1 
Columns in X 75 
Columns in Z 0 
Subjects 1 
Max Obs Per Subject 96 
 
Number of Observations 
Number of Observations Read 96 
Number of Observations Used 96 
Number of Observations Not Used 0 
 
Covariance Parameter Estimates 
Cov Parm Estimate 
Standard 
Error Z Value Pr Z 
Residual 0.1338 0.02366 5.66 <.0001 
 
Fit Statistics 
-2 Res Log Likelihood 88.1 
AIC (smaller is better) 90.1 
AICC (smaller is better) 90.1 
BIC (smaller is better) 92.2 
 
 
 
 
 
 
 93 
 
Type 3 Tests of Fixed Effects 
Effect Num DF 
Den 
DF F Value Pr > F 
Extraction 1 64 23608.4 <.0001 
Time 3 64 823.78 <.0001 
Extraction*Time 3 64 150.73 <.0001 
Temperature 3 64 1567.01 <.0001 
Extractio*Temperature 3 64 186.16 <.0001 
Time*Temperature 9 64 17.56 <.0001 
Extract*Time*Tempera 9 64 21.07 <.0001 
 
 Model Information 
Data Set WORK.TWO 
Dependent Variable Yield 
Covariance Structure Diagonal 
Estimation Method REML 
Residual Variance Method Profile 
Fixed Effects SE Method Model-Based 
Degrees of Freedom Method Residual 
 
 
 
 
 
 
 
Number of Observations 
Number of Observations Read 24 
Number of Observations Used 24 
Number of Observations Not Used 0 
 
Covariance Parameter 
Estimates 
Cov Parm Estimate 
Residual 0.1058 
 
Fit Statistics 
-2 Res Log Likelihood 18.3 
AIC (smaller is better) 20.3 
AICC (smaller is better) 20.5 
BIC (smaller is better) 21.0 
 
Type 3 Tests of Fixed Effects 
Effect 
Num 
DF 
Den 
DF F Value Pr > F 
Extraction 1 16 11333.8 <.0001 
Time 3 16 96.77 <.0001 
Extraction*Time 3 16 1.99 0.1564 
 
Class Level Information 
Class Levels Values 
Extraction 2 1 2 
Time 4 1 2 3 4 
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Least Squares Means 
Effect Extraction Time Estimate 
Standard 
Error DF t Value Pr > |t| 
Extraction 1  27.1675 0.09388 16 289.37 <.0001 
Extraction 2  13.0325 0.09388 16 138.81 <.0001 
Time  1 18.8233 0.1328 16 141.77 <.0001 
Time  2 19.3083 0.1328 16 145.42 <.0001 
Time  3 20.5333 0.1328 16 154.65 <.0001 
Time  4 21.7350 0.1328 16 163.70 <.0001 
Extraction*Time 1 1 26.1200 0.1878 16 139.11 <.0001 
Extraction*Time 1 2 26.1667 0.1878 16 139.36 <.0001 
Extraction*Time 1 3 27.6567 0.1878 16 147.29 <.0001 
Extraction*Time 1 4 28.7267 0.1878 16 152.99 <.0001 
Extraction*Time 2 1 11.5267 0.1878 16 61.39 <.0001 
Extraction*Time 2 2 12.4500 0.1878 16 66.31 <.0001 
Extraction*Time 2 3 13.4100 0.1878 16 71.42 <.0001 
Extraction*Time 2 4 14.7433 0.1878 16 78.52 <.0001 
 
Model Information 
Data Set WORK.TWO 
Dependent Variable Yield 
Covariance Structure Diagonal 
Estimation Method REML 
Residual Variance Method Profile 
Fixed Effects SE Method Model-Based 
Degrees of Freedom Method Residual 
 
 
 
 
 
Dimensions 
Covariance Parameters 1 
Columns in X 15 
Columns in Z 0 
Subjects 1 
Max Obs Per Subject 24 
Number of Observations 
Number of Observations Read 24 
Number of Observations Used 24 
Number of Observations Not Used 0 
 
Covariance Parameter 
Estimates 
Cov Parm Estimate 
Residual 0.1303 
 
Class Level Information 
Class Levels Values 
Extraction 2 1 2 
Time 4 1 2 3 4 
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Fit Statistics 
-2 Res Log Likelihood 21.6 
AIC (smaller is better) 23.6 
AICC (smaller is better) 23.9 
BIC (smaller is better) 24.4 
 
Type 3 Tests of Fixed Effects 
Effect 
Num 
DF 
Den 
DF F Value Pr > F 
Extraction 1 16 6344.60 <.0001 
Time 3 16 292.29 <.0001 
Extraction*Time 3 16 35.85 <.0001 
 
Least Squares Means 
Effect Extraction Time Estimate 
Standard 
Error DF t Value Pr > |t| 
Extraction 1  28.0433 0.1042 16 269.08 <.0001 
Extraction 2  16.3033 0.1042 16 156.43 <.0001 
Time  1 19.3683 0.1474 16 131.41 <.0001 
Time  2 21.3333 0.1474 16 144.74 <.0001 
Time  3 22.6117 0.1474 16 153.41 <.0001 
Time  4 25.3800 0.1474 16 172.20 <.0001 
Extraction*Ti
me 
1 1 26.0133 0.2084 16 124.80 <.0001 
Extraction*Ti
me 
1 2 27.2833 0.2084 16 130.89 <.0001 
Extraction*Ti
me 
1 3 28.8800 0.2084 16 138.55 <.0001 
Extraction*Ti
me 
1 4 29.9967 0.2084 16 143.91 <.0001 
Extraction*Ti
me 
2 1 12.7233 0.2084 16 61.04 <.0001 
Extraction*Ti
me 
2 2 15.3833 0.2084 16 73.80 <.0001 
Extraction*Ti
me 
2 3 16.3433 0.2084 16 78.41 <.0001 
Extraction*Ti
me 
2 4 20.7633 0.2084 16 99.61 <.0001 
 
     
Dimensions 
Covariance Parameters 1 
Columns in X 15 
Columns in Z 0 
Subjects 1 
Max Obs Per Subject 24 
Model Information 
Data Set WORK.TWO 
Dependent Variable Yield 
Covariance Structure Diagonal 
Estimation Method REML 
Residual Variance Method Profile 
Fixed Effects SE Method Model-Based 
Degrees of Freedom Method Residual 
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Number of Observations 
Number of Observations Read 24 
Number of Observations Used 24 
Number of Observations Not Used 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Class Level Information 
Class Levels Values 
Extraction 2 1 2 
Time 4 1 2 3 4 
Covariance Parameter Estimates 
Cov Parm Estimate 
Residual 0.1359 
Fit Statistics 
-2 Res Log Likelihood 22.3 
AIC (smaller is better) 24.3 
AICC (smaller is better) 24.6 
BIC (smaller is better) 25.0 
Type 3 Tests of Fixed Effects 
Effect 
Num 
DF 
Den 
DF F Value Pr > F 
Extraction 1 16 5073.36 <.0001 
Time 3 16 301.20 <.0001 
Extraction*Time 3 16 112.40 <.0001 
Class Level Information 
Class Levels Values 
Extractio
n 
2 1 2 
Time 4 1 2 3 4 
Fit Statistics 
-2 Res Log Likelihood 25.2 
AIC (smaller is better) 27.2 
AICC (smaller is better) 27.5 
BIC (smaller is better) 28.0 
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Number of Observations 
Number of Observations Read 24 
Number of Observations Used 24 
Number of Observations Not Used 0 
 
 
 
 
 
 
 
 
 
Effect=Extraction   Method=Tukey(P<.05)   Set=1 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
1 1 1 _ 27.1675 0.09388 A 
2 1 2 _ 13.0325 0.09388 B 
 
Effect=Time   Method=Tukey(P<.05)   Set=2 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
3 1 _ 1 18.8233 0.1328 C 
4 1 _ 2 19.3083 0.1328 C 
5 1 _ 3 20.5333 0.1328 B 
6 1 _ 4 21.7350 0.1328 A 
 
Effect=Extraction*Time   Method=Tukey(P<.05)   Set=3 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
7 1 1 1 26.1200 0.1878 C 
8 1 1 2 26.1667 0.1878 C 
9 1 1 3 27.6567 0.1878 B 
10 1 1 4 28.7267 0.1878 A 
11 1 2 1 11.5267 0.1878 G 
12 1 2 2 12.4500 0.1878 F 
13 1 2 3 13.4100 0.1878 E 
14 1 2 4 14.7433 0.1878 D 
 
Dimensions 
Covariance Parameters 1 
Columns in X 15 
Columns in Z 0 
Subjects 1 
Max Obs Per Subject 24 
Covariance Parameter 
Estimates 
Cov Parm Estimate 
Residual 0.1632 
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Effect=Extraction   Method=Tukey(P<.05)   Set=4 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
15 2 1 _ 28.0433 0.1042 A 
16 2 2 _ 16.3033 0.1042 B 
 
 
Effect= Time Method Tukey (P<.05) Set =5 
 
 
 
 
 
 
 
Set=6 Effect=Extraction*Time   Method=Tukey(P<.05)    
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
21 2 1 1 26.0133 0.2084 D 
22 2 1 2 27.2833 0.2084 C 
23 2 1 3 28.8800 0.2084 B 
24 2 1 4 29.9967 0.2084 A 
25 2 2 1 12.7233 0.2084 G 
26 2 2 2 15.3833 0.2084 F 
27 2 2 3 16.3433 0.2084 F 
28 2 2 4 20.7633 0.2084 E 
 
 
Effect=Extraction   Method=Tukey(P<.05)   Set=7 
 
 
 
 
 
 
 
Effect=Time   Method=Tukey(P<.05)   Set=8 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
31 3 _ 1 22.5700 0.1505 D 
32 3 _ 2 23.9050 0.1505 C 
33 3 _ 3 25.9017 0.1505 B 
34 3 _ 4 28.5750 0.1505 A 
 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
17 2 _ 1 19.3683 0.1474 D 
18 2 _ 2 21.3333 0.1474 C 
19 2 _ 3 22.6117 0.1474 B 
20 2 _ 4 25.3800 0.1474 A 
       
       
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
29 3 1 _ 30.5983 0.1064 A 
30 3 2 _ 19.8775 0.1064 B 
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Effect=Extraction*Time   Method=Tukey(P<.05)   Set=9 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
35 3 1 1 29.3533 0.2129 C 
36 3 1 2 30.2733 0.2129 BC 
37 3 1 3 30.9533 0.2129 AB 
38 3 1 4 31.8133 0.2129 A 
39 3 2 1 15.7867 0.2129 G 
40 3 2 2 17.5367 0.2129 F 
41 3 2 3 20.8500 0.2129 E 
42 3 2 4 25.3367 0.2129 D 
 
Effect=Extraction   Method=Tukey(P<.05)   Set=10 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
43 4 1 _ 31.2917 0.1166 A 
44 4 2 _ 21.9942 0.1166 B 
 
Effect=Time   Method=Tukey(P<.05)   Set=11 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
45 4 _ 1 24.5617 0.1649 D 
46 4 _ 2 25.3733 0.1649 C 
47 4 _ 3 27.2117 0.1649 B 
48 4 _ 4 29.4250 0.1649 A 
 
Effect=Extraction*Time   Method=Tukey(P<.05)   Set=12 
Obs Temperature Extraction Time Estimate 
Standard 
Error 
Letter 
Group 
49 4 1 1 30.3867 0.2333 C 
50 4 1 2 30.6167 0.2333 BC 
51 4 1 3 31.6567 0.2333 AB 
52 4 1 4 32.5067 0.2333 A 
53 4 2 1 18.7367 0.2333 G 
54 4 2 2 20.1300 0.2333 F 
55 4 2 3 22.7667 0.2333 E 
56 4 2 4 26.3433 0.2333 D 
 
 
Moments 
N 96 Sum Weights 96 
Mean 0 Sum Observations 0 
Std Deviation 0.30025486 Variance 0.09015298 
Skewness 0.26041209 Kurtosis -0.1730911 
Uncorrected SS 8.56453333 Corrected SS 8.56453333 
Coeff Variation . Std Error Mean 0.03064463 
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Basic Statistical Measures 
Location Variability 
Mean 0.00000 Std Deviation 0.30025 
Median -0.04167 Variance 0.09015 
Mode -0.26667 Range 1.42667 
  Interquartile Range 0.42000 
 
Note: The mode displayed is the smallest of 2 modes with a count of 2. 
Tests for Location: Mu0=0 
Test Statistic p Value 
Student's t t 0 Pr > |t| 1.0000 
Sign M -3.5 Pr >= |M| 0.5384 
Signed Rank S -56 Pr >= |S| 0.8366 
 
Tests for Normality 
Test Statistic p Value 
Shapiro-Wilk W 0.986954 Pr < W 0.4645 
Kolmogorov-Smirnov D 0.075643 Pr > D >0.1500 
Cramer-von Mises W-Sq 0.072865 Pr > W-Sq >0.2500 
Anderson-Darling A-Sq 0.39937 Pr > A-Sq >0.2500 
 
 
Quantiles (Definition 5) 
Quantile Estimate 
100% Max 0.7533333 
99% 0.7533333 
95% 0.5266667 
90% 0.3833333 
75% Q3 0.2266667 
50% Median -0.0416667 
25% Q1 -0.1933333 
10% -0.3466667 
5% -0.5066667 
1% -0.6733333 
0% Min -0.6733333 
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Extreme Observations 
Lowest Highest 
Value Obs Value Obs 
-0.673333 71 0.526667 67 
-0.556667 91 0.630000 89 
-0.520000 57 0.643333 83 
-0.506667 46 0.736667 70 
-0.506667 41 0.753333 76 
 
                       Stem Leaf                     #             Boxplot                      
                          7 45                       2                |                         
                          6 34                       2                |                         
                          5 3                        1                |                         
                          4 357                      3                |                         
                          3 13456789                 8                |                         
                          2 02233355789             11             +-----+                      
                          1 001223388                9             |     |                      
                          0 001233568                9             |  +  |                      
                         -0 988765411                9             *-----*                      
                         -1 9988765444432210000     19             +-----+                      
                         -2 7777655510              10                |                         
                         -3 5420                     4                |                         
                         -4 9874                     4                |                         
                         -5 6211                     4                |                         
                         -6 7                        1                |                         
                            ----+----+----+----+                                                
                        Multiply Stem.Leaf by 10**-1                                            
                                                                    
                                        Normal Probability Plot                                 
                     0.75+                                              *  +*                   
                         |                                           **++++                     
                         |                                          *++                         
                         |                                       ***                            
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                         |                                   ****                               
                         |                               ****                                   
                         |                            ****                                      
                     0.05+                         +***                                         
                         |                      +****                                           
                         |                  ******                                              
                         |              ****+                                                   
                         |            ***+                                                      
                         |         ****                                                         
                         |    * ***                                                             
                    -0.65+* ++++                                                                
                          +----+----+----+----+----+----+----+----+----+----+                   
                              -2        -1         0        +1        +2                        
 
                                                                  
Soxhlet extraction: 
A soxhlet run on all the feedstocks was performed. Given below is the stepwise procedure of how soxhlet extraction 
was performed on CTT seeds: 
1. Dry seeds at 65°C for 24 hr if in a layer less than 2” thick, 48 hr if a large quantity is dried. 
Residual
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Predicted
10 20 30 40
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2. Grind seeds in a blade-type coffee mill. Grind until no chunks remain but stop if you see oil beginning to 
separate from the meal. Note: Do not grind seeds more than 24 h in advance of extraction as this may cause 
the oils to oxidize. 
3. Place ground seeds in air-tight container. 
4. Tare a specimen cup on the toploading balance. Weigh 8-10 g of ground seeds into thimble. Record weight 
of sample plus thimble to nearest 0.01 g. 
5. Tare the weight of a cup; place a dry thimble in the cup, and record weight of thimble. Weigh 8-10 g of 
ground, dried seed into thimble. Record weight of sample plus thimble to nearest 0.01 g.  
6. Weigh a dry 250 ml round bottom flask and record weight to the nearest 0.01 g and attach to the soxhlet 
extractor. 
7. Add 150-175 ml of solvent (petroleum ether unless otherwise stated) to the top of the condenser using a 
funnel. Be careful not to splash your eyes. 
8. Place thimble containing sample into the soxhlet extractor. Make sure joint is greased (no white space in 
the joint) but do not over grease. Place the labeled specimen cup in front of the soxhlet unit to keep track of 
the sample information. 
9. Turn on cooling water to obtain a weak but steady flow of water through the condensers. 
10. Adjust boiling rate to flush the extractor every 15-20 minutes (a low setting). Extract 16-24 hrs. 
11. Preheat the rotary evaporator to 60°C. 
12. Slide flask in front of burner just after a flush. Use a pair of long forceps to remove the thimble and sample, 
letting it drain thoroughly before removing from extractor. Place the thimble in a specimen cup. Remove 
extractor and tilt to drain all of the solvent into the flask Twist free the flask from the extractor, slide on an 
empty flask and re-assemble the apparatus.  
13. Place the flask with the extract on the rotary evaporator. Lower and turn with sufficient speed to prevent 
bumping. 
14. Open the stopcock on the evaporator to let off pressure. 
15. When all of the solvent appears to have evaporated, decant the distilled solvent into a container. Reattach 
the collection flask to the evaporator. 
16. Close stop cock, turn on vacuum, and continue to rotate in the bath for another 5 min. 
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17. Turn off vacuum, open stopcock, and remove flask. 
18. Tare off a 400 or 600 ml plastic beaker to hold the flask while weighing. Dry the outside of the flask with a 
paper towel and weigh. Record weight to the nearest 0.01 g. 
19. If no oil or wax is adhering to the sides of the flask, use a disposable pipet, transfer some of the oil into a 
small vial. Label. If oil is adhering, add 5ml of solvent, and swirl to dissolve all oil and wax. If solvent is 
added, transfer to a specimen cup and allow solvent to evaporate at room temperature followed by 2hr in 
oven at 65°C before transferring to vial. 
20. Rinse flask with acetone. Discard acetone in waste container. 
The same procedure is repeated for soybean and rice bran oil extraction with the exception that solvents used were 
hexane and ethanol. 
Table B1. Microwave assisted CTT lipid extraction yields. 
Temperature 
(°C) 
Time 
 (min) 
Lipid yield %(g of lipid/g of 
feedstock) 
Average 
Oil yield 
Std Dev. 
1 2 3 
60 
3 26.04 25.98 26.34 26.12 0.192 
9 26 25.9 26.6 26.17 0.378 
15 27.52 27.56 26.6 26.17 0.378 
20 28.38 28.76 29.04 28.72 0.153 
80 
3 26.35 25.82 25.87 26.01 0.292 
9 27.29 27.01 27.55 27.28 0.27 
15 28.88 29 28.76 28.88 0.12 
20 30 29.89 30.1 29.99 0.105 
100 
3 29.25 29.01 29.8 29.35 0.405 
9 30.52 30.01 30.29 30.27 0.255 
15 30.98 31.01 30.87 30.95 0.073 
20 31.63 31.89 31.92 31.81 0.159 
120 
3 30.35 30.62 30.19 30.38 0.217 
9 30.9 30.11 30.84 30.61 0.439 
15 31.65 31.54 31.78 31.65 0.120 
20 32 32.64 32.88 32.51 0.454 
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APPENDIX C: 
TRANSESTERIFICATION DATA OF SOYBEAN AND RICE BRAN OIL 
TO METHYL AND ETHYL ESTERS  
 
 
Figure A3. Separated biodiesel and glycerin phase after necessary settling time 
 
SAS input file for transesterification data: 
Temperatures 1, 2 and 3 signify 60, 70 and 80°C 
Times 1, 2, 3 and 4 signify 5, 10, 15 and 20 mins 
Feedstock 1 and 2 signify soybean and rice bran respectively 
Solvent 1 and 2 signify methanol and ethanol respectively 
Conv. : % Conversion 
OS: Oxidative Stability 
Lower, denser glycerol phase 
Upper, lighter biodiesel phase 
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µ: Viscosity
Temp Time Sol Feed Replicates Free 
Glycerol 
mean/sd Total 
Glycerol 
mean/sd 
1 1 1 1 1 0.0004 0.0005 0.137 0.1385 
1 1 1 1 2 0.0006 0.000141421 0.14 0.00212132 
1 2 1 1 1 0 0.00025 0.136 0.1335 
1 2 1 1 2 0.0005 0.000353553 0.131 0.003535534 
1 3 1 1 1 0  0.2 0.189 
1 3 1 1 2 0  0.178 0.015556349 
1 4 1 1 1 0 0.0001 0.21 0.1995 
1 4 1 1 2 0.0002 0.000141421 0.189 0.014849242 
1 1 2 1 1 0  0.098 0.101 
1 1 2 1 2 0  0.104 0.004242641 
1 2 2 1 1 0  0.079 0.084 
1 2 2 1 2 0  0.089 0.007071068 
1 3 2 1 1 0  0.067 0.064 
1 3 2 1 2 0  0.061 0.004242641 
1 4 2 1 1 0  0.053 0.052 
1 4 2 1 2 0  0.051 0.001414214 
2 1 1 1 1 0  0.16 0.146 
2 1 1 1 2 0  0.132 0.01979899 
2 2 1 1 1 0.0004 0.0002 0.147 0.143 
2 2 1 1 2 0 0.000282843 0.139 0.005656854 
2 3 1 1 1 0.0012 0.00065 0.211 0.1825 
2 3 1 1 2 0.0001 0.000777817 0.154 0.040305087 
2 4 1 1 1 0  0.1 0.101 
2 4 1 1 2 0  0.102 0.001414214 
2 1 2 1 1 0 0.00015 0.079 0.0785 
2 1 2 1 2 0.0003 0.000212132 0.078 0.000707107 
2 2 2 1 1 0  0.077 0.0755 
2 2 2 1 2 0  0.074 0.00212132 
2 3 2 1 1 0  0.065 0.068 
2 3 2 1 2 0  0.071 0.004242641 
2 4 2 1 1 0  0.063 0.064 
2 4 2 1 2 0  0.065 0.001414214 
3 1 1 1 1 0  0.22 0.209 
3 1 1 1 2 0  0.198 0.015556349 
3 2 1 1 1 0  0.161 0.1555 
3 2 1 1 2 0  0.15 0.007778175 
3 3 1 1 1 0  0.171 0.17 
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3 3 1 1 2 0  0.169 0.001414214 
3 4 1 1 1 0  0.147 0.1425 
3 4 1 1 2 0  0.138 0.006363961 
3 1 2 1 1 0  0.057 0.056 
3 1 2 1 2 0  0.055 0.001414214 
3 2 2 1 1 0  0.051 0.059 
3 2 2 1 2 0  0.067 0.011313708 
3 3 2 1 1 0  0.014 0.015 
3 3 2 1 2 0  0.016 0.001414214 
3 4 2 1 1 0  0.012 0.013 
3 4 2 1 2 0  0.014 0.001414214 
1 1 1 2 1 0.0004 0.00045 0.147 0.146 
1 1 1 2 2 0.0005 7.07107E-05 0.145 0.001414214 
1 2 1 2 1 0 0.00015 0.143 0.144 
1 2 1 2 2 0.0003 0.000212132 0.145 0.001414214 
1 3 1 2 1 0 0.00005 0.138 0.139 
1 3 1 2 2 0.0001 7.07107E-05 0.14 0.001414214 
1 4 1 2 1 0.0003 0.00015 0.135 0.1365 
1 4 1 2 2 0 0.000212132 0.138 0.00212132 
1 1 2 2 1 0.0004 0.0002 0.162 0.1595 
1 1 2 2 2 0 0.000282843 0.157 0.003535534 
1 2 2 2 1 0.0004 0.00035 0.158 0.1565 
1 2 2 2 2 0.0003 7.07107E-05 0.155 0.00212132 
1 3 2 2 1 0.0002 0.0001 0.111 0.116 
1 3 2 2 2 0 0.000141421 0.121 0.007071068 
1 4 2 2 1 0  0.094 0.097 
1 4 2 2 2 0  0.1 0.004242641 
2 1 1 2 1 0  0.105 0.108 
2 1 1 2 2 0  0.111 0.004242641 
2 2 1 2 1 0  0.102 0.101 
2 2 1 2 2 0  0.1 0.001414214 
2 3 1 2 1 0  0.1 0.1065 
2 3 1 2 2 0  0.113 0.009192388 
2 4 1 2 1 0  0.095 0.0925 
2 4 1 2 2 0  0.09 0.003535534 
2 1 2 2 1 0.0004 0.000282843 0.142 0.1405 
2 1 2 2 2 0 0.000282843 0.139 0.00212132 
2 2 2 2 1 0.0004 0.00035 0.117 0.1145 
2 2 2 2 2 0.0003 7.07107E-05 0.112 0.003535534 
2 3 2 2 1 0  0.099 0.0955 
 108 
 
2 3 2 2 2 0  0.092 0.004949747 
2 4 2 2 1 0  0.057 0.0645 
2 4 2 2 2 0  0.072 0.010606602 
3 1 1 2 1 0  0.145 0.143 
3 1 1 2 2 0  0.141 0.002828427 
3 2 1 2 1 0  0.142 0.14 
3 2 1 2 2 0  0.138 0.002828427 
3 3 1 2 1 0  0.11 0.114 
3 3 1 2 2 0  0.118 0.005656854 
3 4 1 2 1 0  0.085 0.0915 
3 4 1 2 2 0  0.098 0.009192388 
3 1 2 2 1 0.0003 0.0002 0.136 0.1175 
3 1 2 2 2 0.0001 0.000141421 0.099 0.026162951 
3 2 2 2 1 0  0.114 0.1175 
3 2 2 2 2 0  0.121 0.004949747 
3 3 2 2 1 0  0.068 0.0615 
3 3 2 2 2 0  0.055 0.009192388 
3 4 2 2 1 0  0.046 0.0455 
3 4 2 2 2 0  0.045 0.000707107 
 
Temp Time Sol Feed Repli- 
cates 
Conv 
(%) 
Mean 
/sd 
OS mean/ 
sd 
µ mean/ 
sd 
1 1 1 1 1 97.62 97.56 5.71 6.31 6.25 6.56 
1 1 1 1 2 97.5 0.084853 6.91 0.848528 6.87 0.438406 
1 2 1 1 1 97.9 97.845 5.2 5.375 6.09 6.19 
1 2 1 1 2 97.79 0.077782 5.55 0.247487 6.29 0.141421 
1 3 1 1 1 98 98.05 5.72 5.86 6.75 6.635 
1 3 1 1 2 98.1 0.070711 6 0.19799 6.52 0.162635 
1 4 1 1 1 98.2 98.1 6 5.94 6.57 6.4 
1 4 1 1 2 98 0.141421 5.88 0.084853 6.23 0.240416 
1 1 2 1 1 96.92 96.615 5 5.105 6.78 6.88 
1 1 2 1 2 96.31 0.431335 5.21 0.148492 6.98 0.141421 
1 2 2 1 1 97.01 96.95 5.09 5.545 6.75 6.55 
1 2 2 1 2 96.89 0.084853 6 0.643467 6.35 0.282843 
1 3 2 1 1 97.2 97.3 6 6.06 6.27 6.185 
1 3 2 1 2 97.4 0.141421 6.12 0.084853 6.1 0.120208 
1 4 2 1 1 97.9 97.95 6.91 6.955 6.21 6.105 
1 4 2 1 2 98 0.070711 7 0.06364 6 0.148492 
2 1 1 1 1 97.78 97.495 6.8 6.65 5.94 5.925 
2 1 1 1 2 97.21 0.403051 6.5 0.212132 5.91 0.021213 
2 2 1 1 1 98.4 98.2 6.19 6.565 5.68 5.75 
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2 2 1 1 2 98 0.282843 6.94 0.53033 5.82 0.098995 
2 3 1 1 1 98.53 98.37 7.11 7.31 5.76 5.555 
2 3 1 1 2 98.21 0.226274 7.51 0.282843 5.35 0.289914 
2 4 1 1 1 98.82 98.735 7.12 7.33 5.47 5.625 
2 4 1 1 2 98.65 0.120208 7.54 0.296985 5.78 0.219203 
2 1 2 1 1 97.08 97.04 7.39 7.195 5.86 5.885 
2 1 2 1 2 97 0.056569 7 0.275772 5.91 0.035355 
2 2 2 1 1 97.44 97.36 7.98 7.49 5.93 5.91 
2 2 2 1 2 97.28 0.113137 7.55 0.304056 5.89 0.028284 
2 3 2 1 1 97.53 97.46 8.01 8.075 5.76 5.61 
2 3 2 1 2 97.39 0.098995 8.14 0.091924 5.46 0.212132 
2 4 2 1 1 98.12 98.065 8.12 8.23 5.47 5.34 
2 4 2 1 2 98.01 0.077782 8.34 0.155563 5.21 0.183848 
3 1 1 1 1 97.89 97.835 5.01 5.18 5.64 5.755 
3 1 1 1 2 97.78 0.077782 5.35 0.240416 5.87 0.162635 
3 2 1 1 1 98.29 98.29 5.86 5.93 5.76 5.605 
3 2 1 1 2 98.08 0.148492 6 0.098995 5.45 0.219203 
3 3 1 1 1 98.51 98.435 5.98 6.05 5.88 5.605 
3 3 1 1 2 98.36 0.106066 6.12 0.098995 5.33 0.388909 
3 4 1 1 1 98.69 98.64 5.55 5.775 5.47 5.35 
3 4 1 1 2 98.59 0.070711 6 0.318198 5.23 0.169706 
3 1 2 1 1 97.92 97.7 8.08 8.04 5.79 5.675 
3 1 2 1 2 97.48 0.311127 8 0.056569 5.56 0.162635 
3 2 2 1 1 98.02 98.105 8.98 8.99 5.43 5.44 
3 2 2 1 2 98.19 0.120208 9 0.014142 5.45 0.014142 
3 3 2 1 1 98.17 98.185 10 10.015 5.08 5.145 
3 3 2 1 2 98.2 0.021213 10.03 0.021213 5.21 0.091924 
3 4 2 1 1 98.35 98.32 10.45 10.5 4.47 4.74 
3 4 2 1 2 98.29 0.042426 10.55 0.070711 5.01 0.381838 
1 1 1 2 1 97.29 97.205 3.12 3.515 6.23 6.27 
1 1 1 2 2 97.12 0.120208 3.91 0.558614 6.31 0.056569 
1 2 1 2 1 97.51 97.565 3.5 3.75 6.54 6.43 
1 2 1 2 2 97.62 0.077782 4 0.353553 6.32 0.155563 
1 3 1 2 1 97.96 97.905 3.45 3.725 6.91 6.785 
1 3 1 2 2 97.85 0.077782 4 0.388909 6.66 0.176777 
1 4 1 2 1 98.15 98.18 4.7 4.85 6.78 6.67 
1 4 1 2 2 98.21 0.042426 5 0.212132 6.56 0.155563 
1 1 2 2 1 95.23 95.29 5.12 5.56 6.91 6.845 
1 1 2 2 2 95.35 0.084853 6 0.622254 6.78 0.091924 
1 2 2 2 1 95.89 95.9 5.5 5.75 6.89 6.73 
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1 2 2 2 2 95.91 0.014142 6 0.353553 6.57 0.226274 
1 3 2 2 1 96.05 96.13 6.21 6.56 6.78 6.675 
1 3 2 2 2 96.21 0.113137 6.91 0.494975 6.57 0.148492 
1 4 2 2 1 96.72 96.805 6.45 6.725 6.23 6.12 
1 4 2 2 2 96.89 0.120208 7 0.388909 6.01 0.155563 
2 1 1 2 1 97.57 97.585 4.03 4.515 5.89 5.835 
2 1 1 2 2 97.6 0.021213 5 0.685894 5.78 0.077782 
2 2 1 2 1 98.39 98.415 4.05 4.525 5.83 5.64 
2 2 1 2 2 98.44 0.035355 5 0.671751 5.45 0.268701 
2 3 1 2 1 98.53 98.575 5.63 5.815 5.83 5.69 
2 3 1 2 2 98.62 0.06364 6 0.26163 5.55 0.19799 
2 4 1 2 1 98.83 98.81 5.26 5.69 5.48 5.44 
2 4 1 2 2 98.79 0.028284 6.12 0.608112 5.4 0.056569 
2 1 2 2 1 96.11 96.17 5.57 5.84 5.91 5.86 
2 1 2 2 2 96.23 0.084853 6.11 0.381838 5.81 0.070711 
2 2 2 2 1 96.35 96.28 6 6.25 5.79 5.715 
2 2 2 2 2 96.21 0.098995 6.5 0.353553 5.64 0.106066 
2 3 2 2 1 96.47 96.5 6.59 6.9 5.28 5.32 
2 3 2 2 2 96.53 0.042426 7.21 0.438406 5.36 0.056569 
2 4 2 2 1 97.21 97.28 6.78 7.215 5.01 5.11 
2 4 2 2 2 97.35 0.098995 7.65 0.615183 5.21 0.141421 
3 1 1 2 1 97.92 97.87 6.2 6.1 5.65 5.48 
3 1 1 2 2 97.82 0.070711 6 0.141421 5.31 0.240416 
3 2 1 2 1 98.06 98.13 7 7.19 5.79 5.585 
3 2 1 2 2 98.2 0.098995 7.38 0.268701 5.38 0.289914 
3 3 1 2 1 98.39 98.4 7 7.105 5.7 5.48 
3 3 1 2 2 98.41 0.014142 7.21 0.148492 5.26 0.311127 
3 4 1 2 1 98.89 98.82 6.2 6.865 5.62 5.54 
3 4 1 2 2 98.75 0.098995 7.53 0.940452 5.46 0.113137 
3 1 2 2 1 96.56 96.585 6.58 6.85 5.73 5.7 
3 1 2 2 2 96.61 0.035355 7.12 0.381838 5.67 0.042426 
3 2 2 2 1 96.89 96.905 7 7.26 5.54 5.485 
3 2 2 2 2 96.92 0.021213 7.52 0.367696 5.43 0.077782 
3 3 2 2 1 97.29 97.32 7.53 7.6 5.25 5.225 
3 3 2 2 2 97.35 0.042426 7.67 0.098995 5.2 0.035355 
3 4 2 2 1 97.74 97.775 7.69 7.795 5.18 5.095 
3 4 2 2 2 97.81 0.049497 7.9 0.148492 5.01 0.120208 
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Temp Time Sol Feed Repli- 
cates 
Cloud  
Point 
mean/ 
sd 
Flash 
point 
mean/ 
sd 
Acid 
Valu
e 
mean/ 
sd 
1 1 1 1 1 7.5 7.25 135 136 0.38 0.385 
1 1 1 1 2 7 0.3535533 137 1.414213 0.39 0.00707 
1 2 1 1 1 7 7.5 140 139.5 0.34 0.35 
1 2 1 1 2 8 0.7071067 139 0.707106 0.36 0.01414 
1 3 1 1 1 6.7 6.85 135 136.5 0.4 0.41 
1 3 1 1 2 7 0.2121320 138 2.121320 0.42 0.01414 
1 4 1 1 1 6.5 6.65 141 143 0.48 0.47 
1 4 1 1 2 6.8 0.2121320 145 2.828427 0.46 0.01414 
1 1 2 1 1 7 6.6 134 135.5 0.43 0.46 
1 1 2 1 2 6.2 0.5656854 137 2.121320
3 
0.49 0.04242 
1 2 2 1 1 7.5 7.25 137 138.5 0.49 0.485 
1 2 2 1 2 7 0.3535533 140 2.121320 0.48 0.00707 
1 3 2 1 1 6.8 6.9 139 137 0.46 0.455 
1 3 2 1 2 7 0.1414213 135 2.828427 0.45 0.00707 
1 4 2 1 1 6.5 6.4 132 131 0.48 0.47 
1 4 2 1 2 6.3 0.1414213 130 1.414213 0.46 0.01414 
2 1 1 1 1 6.4 6.45 142 141 0.42 0.415 
2 1 1 1 2 6.5 0.0707106 140 1.414213 0.41 0.00707 
2 2 1 1 1 6.3 6.35 144 145.5 0.42 0.425 
2 2 1 1 2 6.4 0.0707106 147 2.121320 0.43 0.00707 
2 3 1 1 1 5.5 5.75 140 142.5 0.49 0.485 
2 3 1 1 2 6 0.3535533 145 3.535533 0.48 0.00707 
2 4 1 1 1 5.3 5.55 145 146.5 0.43 0.44 
2 4 1 1 2 5.8 0.3535533 148 2.121320 0.45 0.01414 
2 1 2 1 1 6.4 6.45 135 137.5 0.42 0.425 
2 1 2 1 2 6.5 0.0701068 140 3.535533 0.43 0.00707 
2 2 2 1 1 6.1 6.05 144 142 0.49 0.465 
2 2 2 1 2 6 0.0707106 140 2.828427 0.44 0.03535 
2 3 2 1 1 5.9 5.95 149 147 0.38 0.39 
2 3 2 1 2 6 0.0707106 145 2.828427 0.4 0.01414 
2 4 2 1 1 5.8 5.9 146 145 0.39 0.375 
2 4 2 1 2 6 0.1414213 144 1.414213 0.36 0.02121 
3 1 1 1 1 4.8 4.95 154 152 0.45 0.42 
3 1 1 1 2 5.1 0.2121320 150 2.828427 0.39 0.04242 
3 2 1 1 1 4.3 4.55 159 157 0.47 0.46 
3 2 1 1 2 4.8 0.3535533 155 2.828427 0.45 0.01414 
3 3 1 1 1 4.3 4.4 154 157 0.46 0.455 
3 3 1 1 2 4.5 0.1414213 160 4.242640 0.45 0.00707 
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3 4 1 1 1 4.5 4.75 160 159 0.46 0.455 
3 4 1 1 2 5 0.3535533 158 1.414213 0.45 0.00707 
3 1 2 1 1 5.1 5.05 152 154.5 0.4 0.405 
3 1 2 1 2 5 0.0707106 157 3.535533 0.41 0.0070 
3 2 2 1 1 4.5 4.7 156 157 0.41 0.415 
3 2 2 1 2 4.9 0.2828427 158 1.414213 0.42 0.00707 
3 3 2 1 1 4.5 4.65 160 159.5 0.45 0.455 
3 3 2 1 2 4.8 0.2121320 159 0.707106 0.46 0.00707 
3 4 2 1 1 4.8 4.75 160 159 0.46 0.465 
3 4 2 1 2 4.7 0.0707106 158 1.414213 0.47 0.00707 
1 1 1 2 1 7.5 7.25 145 142.5 0.4 0.405 
1 1 1 2 2 7 0.3535533 140 3.535533 0.41 0.00707 
1 2 1 2 1 7.2 7.1 148 146.5 0.41 0.405 
1 2 1 2 2 7 0.1414213 145 2.121320 0.4 0.00707 
1 3 1 2 1 7 7.2 146 148 0.43 0.42 
1 3 1 2 2 7.4 0.2828427 150 2.828427 0.41 0.01414 
1 4 1 2 1 6.8 6.9 147 146 0.45 0.445 
1 4 1 2 2 7 0.1414213 145 1.414213 0.44 0.00707 
1 1 2 2 1 7.8 7.65 137 138.5 0.48 0.475 
1 1 2 2 2 7.5 0.2121320 140 2.121320 0.47 0.00707 
1 2 2 2 1 7.2 7.1 142 140 0.47 0.465 
1 2 2 2 2 7 0.1414213 138 2.828427 0.46 0.00707 
1 3 2 2 1 7.5 7.25 142 143.5 0.47 0.46 
1 3 2 2 2 7 0.3535533 145 2.121320 0.45 0.01414 
1 4 2 2 1 7.3 7.25 145 142.5 0.43 0.435 
1 4 2 2 2 7.2 0.0707106 140 3.535533 0.44 0.00707 
2 1 1 2 1 6.7 6.6 145 146.5 0.47 0.475 
2 1 1 2 2 6.5 0.1414213 148 2.121320 0.48 0.00707 
2 2 1 2 1 6.5 6.25 143 145.5 0.47 0.465 
2 2 1 2 2 6 0.3535533 148 3.535533 0.46 0.00707 
2 3 1 2 1 7 6.7 152 151 0.47 0.465 
2 3 1 2 2 6.4 0.4242640 150 1.414213 0.46 0.00707 
2 4 1 2 1 6.8 6.6 151 149.5 0.48 0.47 
2 4 1 2 2 6 0.5656854 148 2.121320 0.46 0.01414 
2 1 2 2 1 6.8 6.65 147 146 0.48 0.465 
2 1 2 2 2 6.5 0.2121320 145 1.414213 0.45 0.02121 
2 2 2 2 1 6.6 6.7 154 152 0.45 0.46 
2 2 2 2 2 6.8 0.1414213 150 2.828427 0.47 0.01414 
2 3 2 2 1 6.7 6.5 152 150.5 0.46 0.455 
2 3 2 2 2 6.3 0.2828427 149 2.121320 0.45 0.00707 
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2 4 2 2 1 6 6.1 151 149 0.41 0.42 
2 4 2 2 2 6.2 0.1414213 147 2.828427 0.43 0.01414 
3 1 1 2 1 5.8 5.7 153 150.5 0.47 0.46 
3 1 1 2 2 5.6 0.1414213 148 3.535533 0.45 0.01414 
3 2 1 2 1 5.7 5.75 147 150 0.46 0.455 
3 2 1 2 2 5.8 0.0707106 153 4.242640 0.45 0.00707 
3 3 1 2 1 5.1 5.2 160 159 0.48 0.47 
3 3 1 2 2 5.3 0.1414213 158 1.414213 0.46 0.01414 
3 4 1 2 1 5.5 5.35 155 153.5 0.49 0.48 
3 4 1 2 2 5.2 0.2121320 152 2.121320 0.47 0.01414 
3 1 2 2 1 5.7 5.6 156 154 0.48 0.475 
3 1 2 2 2 5.5 0.1414213 152 2.828427 0.47 0.00707 
3 2 2 2 1 5.4 5.55 153 154 0.45 0.435 
3 2 2 2 2 5.7 0.2121320 155 1.414213 0.42 0.02121 
3 3 2 2 1 5.1 5.05 156 154.5 0.48 0.47 
3 3 2 2 2 5 0.0707106 153 2.121320 0.46 0.01414 
3 4 2 2 1 5 5.1 158 156.5 0.47 0.475 
3 4 2 2 2 5.2 0.1414213 155 2.121320 0.48 0.00707 
 
SAS program for methyl and ethyl ester comparison: 
dm 'log;clear;output;clear'; 
OPTIONS nodate nocenter pageno=1 ls=161 ps=80; 
Title1 'Microwaves oil extraction with different solvents, December 2009'; 
Title2 'Akanksha'; 
filename YOYO 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\AKA1.csv'; 
DATA aks; 
infile YOYO delimiter=',' firstobs=3; 
input Temp Time Solv Feeds Rep FG TG Conv OS U CP FP AV; 
RUN; 
Proc print data=aks; 
title3 'raw data set'; 
run; 
PROC CONTENTS data=aks; 
   Title3 'Proc CONTENTS of data set aks'; 
RUN; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
     Title3 'Two way ANOVA with PROC mixed for FREE GLYCEROL'; 
    MODEL FG=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTp=res ; 
  Random Rep ;  
     ods output diffs=ppp lsmeans=mmm; 
  lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff 
adjust=tukey; 
RUN; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For FREE GLYCEROL'; 
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  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
  %include 'C:\Documents and Settings\Margarita\My 
Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
  %pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
    Title3 'Two way ANOVA with PROC mixed for TOTAL GLYCEROL'; 
     MODEL TG=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds 
/htype=3 DDFM=Satterthwaite OUTp=res1 ; 
  Random Rep ;  
    ods output diffs=ppp lsmeans=mmm; 
 lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff 
adjust=tukey; 
RUN; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For TOTAL GLYCEROL'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks order=data CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for CONVERSION'; 
   MODEL Conv=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res2; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
 **treatments in order=data  =========> Temp Time Solv  feeds; 
 contrast 'Temp 60 vrs 70 80 C' Temp    2 -1  -1; 
 contrast 'Temp 70 vrs 60 80 C' Temp   -1  2  -1; 
 contrast 'Temp 80 vrs 60 70 C' Temp   -1  -1  2; 
 contrast 'Time 5 vrs 10 15 20 min' Time 3 -1 -1 -1; 
 contrast 'Time 10 vrs 5 15 20 min' Time -1 3 -1 -1; 
 contrast 'Time 15 vrs 5 10 20 min' Time -1 -1 3 -1; 
 contrast 'Time 20 vrs 5 10 15 min' Time -1 -1 -1 3; 
 contrast 'Solvent' Solv 1 -1; 
 contrast 'Type of substrate' Feeds 1 -1; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
TITLE4 'Post hoc adjustment with macro by Arnold Saxton For CONVERSION'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for OS'; 
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   MODEL OS=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res3; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For OS'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for VISCOSITY'; 
   MODEL U=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res4; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For VISCOSITY'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for CLOUD POINT'; 
   MODEL CP=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res5; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For CLOUD POINT'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for FLASH POINT'; 
   MODEL FP=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res6; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For FLASH POINT'; 
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  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc mixed data=aks CL method=type3; 
 classes Temp Time Solv feeds Rep; 
   Title3 'Two way ANOVA with PROC mixed for ACID VALUE'; 
   MODEL AV=Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /htype=3 
DDFM=Satterthwaite OUTP=res7; 
 Random Rep ;  
   lsmeans Temp Time Solv Feeds Temp*Time Temp*Time*Solv Temp*Time*Solv*Feeds /pdiff adjust=tukey; 
   ods output diffs=ppp lsmeans=mmm; 
   run; 
 TITLE4 'Post hoc adjustment with macro by Arnold Saxton For ACID VALUE'; 
  * SAS Macro by Arnold Saxton: Saxton, A.M. 1998. A macro for ; 
  * converting mean separation output to letter groupings in Proc Mixed. ; 
  * In Proc. 23rd SAS Users Group Intl., SAS Inst., Cary, NC, pp1243-246.; 
%include 'C:\Documents and Settings\Margarita\My Documents\Carlos\Akanksha\SAS\pdmix800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=yes); 
run; 
proc univariate data=res normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for FREE GLYCERIDE'; 
title2 'Akanksha data analysis'; 
run; 
 
proc univariate data=res1 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for TOTAL GLYCERIDE'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res2 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for CONVERSION'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res3 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for OS'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res4 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for VISCOSITY'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res5 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for CLOUD POINT'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res6 normal plot;  
 var resid; 
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title1 'Univariate Normality of Residuals for FLASH POINT'; 
title2 'Akanksha data analysis'; 
run; 
proc univariate data=res7 normal plot;  
 var resid; 
title1 'Univariate Normality of Residuals for ACID VALUE'; 
title2 'Akanksha data analysis'; 
run; 
Proc plot data=res; 
 plot resid*temp=solv; plot resid*time=solv; 
Run; 
Proc plot data=res1; 
 plot resid*temp=solv; plot resid*time=solv; 
Run; 
 
quit; 
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